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FOREWORD 


In  September  1966,  the  then  Ad  Hoc  Guidance  and  Control  Panel  of  AGARD  (Advisory  Group 
for  Aerospace  Research  and  Development  of  the  North  Atlantic  Treaty  Organisation)  held  its 
first  symposium  in  Paris  on  the  subject  of  man  machine  interactions  in  guidance  and  control 
systems.  In  March  1967,  the  Panel  held  its  second  symposium,  also  in  Paris,  on  the  subject 
of  reliability  aspects  of  guidance  and  control  systems.  By  the  end  of  the  second  symposium 
the  significance  and  growth  potential  of  this  new  Panel  activity  of  AGARD  was  rather  clearly 
established  and  this  was  amplified  by  the  large  attendance  and  great  interest  shown  hy 
attendees  at  the  next  two  Panel  symposia.  The  first  of  these  was  held  in  Oxford,  England, 
in  September  1967,  and  its  subject  was  "Inertial  Navigation:  Systems  and  Applications”. 

The  second  was  held  in  Braunschweig,  Germany,  in  May  1968,  and  its  subject  was  "Inertial 
Navigation:  Components”.  During  this  same  time  the  Guidance  and  Control  Panel  was  taken 
off  ad  hoc  status  and  given  full  fledged  status  as  one  of  the  AGARD  Panels. 

This  volume  of  Symposia  Proceedings  of  the  Oxford  and  Braunschweig  meetings  represents 
the  first  publication  of  the  Guidance  and  Control  Panel.  The  reader  will  find  contained 
herein  coverage  of  the  broad  areas  of  inertial  navigation:  components,  systems  and  applica¬ 
tions.  Fourteen  papers  were  presented  at  the  Oxford  Symposium  and  all  but  two  of  these  are 
included  here  as  indicated  in  the  table  of  contents.  Twenty-one  papers  were  presented  at 
the  Braunschweig  Symposium  and  all  but  three  of  these  are  included  here,  also  as  indicated 
in  the  table  of  contents. 

It  is  a  pleasure  to  express  gratitude  to  a  number  of  people  who  made  these  Panel  Symposia 
Proceedings  possible.  First  of  all,  a  great  deal  of  credit  must  be  given  to  Professor 
W.  Wrigley,  who  in  his  tireless  efforts  as  the  first  Chairman  of  the  Guidance  and  Control 
Panel,  was  the  person  most  responsible  for  establishing  it  as  a  full  fledged  AGARD  Panel. 
These  published  Proceedings  are.  of  course,  one  of  the  fruits  of  his  efforts. 

Professor  B.  Fraeijs  de  Veubeke.  as  the  first  Panel  Vice  Chairman  and  Mr  H  G  R.  Robinson, 
the  present  Panel  Vice  Chairman,  deserve  a  great  deal  of  credit  also  for  the  development  of 
the  Panel's  programs  and  activities.  To  Mr  H.  G.  R.  Robinson.  Chairman  of  the  Oxford  Symposium, 
and  to  l^onard  Sugerman.  Colonel  USAF,  Chairman  of  the  Braunschweig  Symposium,  goes  the 
credit  for  developing  the  programs  of  these  symposia.  A  great  deal  of  credit  must  also  be 
given  to  Mr  Frank  Sullivan  for  his  important  contributions  to  Panel  activities  and  to  the 
development  of  these  Proceedings.  Appreciation  is  also  expressed  to  Professor  G. Whitfield 
and  to  Monsieur  l'Ingtaieur  en  Chef  G.  Bonnevale.  who  in  their  capacity  as  Panel  Associate 
Editors,  provided  valued  assistance  in  the  development  of  these  Panel  Proceedings.  Finally, 
gratitude  is  also  expressed  to  the  British  Government  for  offering  to  serve  as  the  host 
country  for  the  Oxford  Symposium  and  to  the  Government  of  the  Federal  Republic  of  Germany 
for  hosting  the  Braunschweig  Symposium.  The  facilities  in  both  Instances  were  excellent 
and  contributed  significantly  to  the  success  of  bc'h  Symposia. 

C.  T.  LEONOES 

Editor 

Guidance  &  Control  Panel.  AGARD 
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INTRODUCTION 

INERTIAL  PRINCIPLES  IN  NAVIGATION  AND  GUIDANCE 

by 

C.S.  Draper 

Massachusetts  Institute  of  Technology,  Cambridge, 
Massachusetts,  USA 


INERT  I AL  PRINCIPLES  IN  V4VIG4TION  AND  GUIDANCE 


C.  S.  Draper 


1  INTRODUCTION 

Navigation  is  the  process  of  purposefully  determining  motion  so  that  desired  objectives 
are  achieved.  Activity  of  this  kind  has  been  among  the  important  endeavors  of  man  for  the 
many  thousands  of  years  he  has  traveled  on  foot,  with  animals,  with  sledges,  with  wagons, 
in  canoes,  in  boats  and  in  sailing  vessels.  Modern  times  have  intensified  the  need  for 
always  higher  performance  from  navigation  as  the  technology  of  transportation  has  expanded 
to  include  power  driven  ships,  subsonic  and  supersonic  airplanes,  helicopters,  VTOLs, 
orbiting  capsules  and  soon-to-come  craft  for  travel  between  the  earth  and  the  moon  with 
perhaps  the  planets  ahead  within  a  few  decades. 

Moving  entities  incorporating  means  for  changing  speed  and  direction  are  essential  for 
accomplishing  desired  results  by  reaching  selected  destinations.  The  function  of  navigatlor 
is  to  determine  the  modifications  in  motion  needed  to  cause  the  entity  involved  to  follow 
a  path  that  results  in  mission  success.  The  action  pattern  that  must  be  carried  through 
in  order  to  realize  these  results  may  be  considered  in  terms  of  five  functions: 

1.  Selection  of  desired  results  and  the  generation  of  procedures  for  their  achieve¬ 
ment  through  plans  arid  programs  which  give  the  necessary  position,  speed,  direction, 
etc.,  as  functions  of  time  in  a  convenient  reference  space. 

2.  Determination  of  the  actual  situation  at  known  instants  of  real  time. 

3  Comparison  of  actual  situations  as  they  develop  in  real  time  with  desired  situa¬ 
tions  at  corresponding  programmed  instants  to  determine  deviations  of  actual  states 
from  desired  states  of  the  essential  geometrical  quantities. 

A.  Computation  from  the  deviation  data  of  correction.*',  needed  to  bring  the  actual 
states  into  agreement  with  the  desired  states. 

V  Application  of  these  corrections  as  commands  for  the  -ontrol  system  of  the  moving 
ent  l tv. 

•hen  the  last  four  functions  ar  •  carried  out  continuously  and  the  control  system 
operates  effectively,  the  result  is  a  course  for  the  moving  entity  that  carries  it  over 
an  actual  |>at h  that  closely  approaches  the  programmed  path  aith  respect  to  the  reference 
space.  Until  falrlv  recent  years  all  of  the  five  component  functions  were  carried  out 
bv  one  or  Jort  men.  At  first,  a  single  man  provided  all  the  component  functions  from 
Manning  to  lakin*  proper  chances  In  the  directions  In  which  he  mav  have  been  walking 
when  It  became  obvious  that  corrections  were  needed.  Much  later  develojaents  led  to 
operators  working  levers  and  steering  ships  In  response  to  instructions  from  superior 
officers  responsible  for  navigation,  while  today  many  system  are  automatic  and  only 
require  human  attention  for  monitoring  purposes.  The  sec,  bird  and  fourth  functions, 
which  are  determination  of  position,  indication  of  deviations  and  computation  of  correc¬ 
tions  belong  to  the  aethod  of  traditional  NAVIGATION,  then  the  functions  of  planning 
and  programming  and  of  control  to  carry  out  corrections  are  added  to  navigation,  the 
resulting  complex  of  functions  is  GUIDANCE. 
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Before  either  navigation  or  guidance  can  he  effective,  the  jving  entity  must  be 
STABILIZED  so  that  it  is  capable  of  responding  properly  to  control  commands.  In  effect, 
stabilization  is  the  process  of  causing  all  the  essential  variables  associated  with  the 
moving  entity  to  remain  near  desirable  equilibrium  states  established  either  naturally  or 
by  instrumental  means.  CONTROL  acts  b.v  changing  these  equilibrium  states  so  that  in 
seeking  the  new  stabilization  conditions  the  moving  entity  makes  corrections  toward 
desired  positions  and  states  of  motion. 

It  is  the  purpose  here  to  review  the  fundamental  functional  requirements  of 
STABILIZATION,  CONTROL,  NAVIGATION  and  GUIDANCE  with  particular  attention  to  the  essential 
services  that  are  provided  for  modern  equipments  by  devices  based  on  inertial  principles. 
After  some  twenty-five  years  of  practice  and  discussion,  inertial  systems  are  still  some¬ 
times  regarded  as  basically  rather  low  performance  devices  struggling  in  competition  with 
optical,  radio  and  radar  navigation  equipments.  This  is  an  unfortunate  opinion  which  has 
retarded  progress  and  substantially  increased  the  cost  of  advancing  modem  navigation 
technology.  This  technology  will  inevitably  achieve  performance  and  reliability  in¬ 
creased  significantly  beyond  the  levels  now  realized  in  practice.  These  improvements 
will  come  from  engineering  developments  of  inertial  oomponents  and  subsystems  integrated 
into  overall  systems  incorporating  radiation  contacts  of  various  kinds  with  computers  to 
couple  all  subsystems  into  complexes  of  ilways  improving  effectiveness.  The  technical 
details  involved  provide  subject  matter  for  the  presentations  of  this  conference.  This 
particular  paper  is  not  concerned  with  particular  equipments,  rather  its  purpose  is  to 
“set  the  stage”  for  later  papers  by  reviewing  the  generalized  requirements  of  navigation 
and  the  contributions  that  can  be  provided  by  devices  based  on  inertial  principles. 


2.  GEOMETRICAL  REQUIREMENTS 

Missions  for  moving  entities  must  be  defined  in  geometrical  terms  with  time  as  the 
basic  "fourth  dimension"  that  ties  all  other  variables  together  in  a  continuous  sequence 
of  instants  uniquely  associated  with  the  general  progress  of  changes  in  the  essential 
physical  qua..l‘Mes.  The  formulation  of  plans  and  programs  to  specify  the  chain  of  events 
needed  to  achieve  a  desired  result  from  motion  of  a  controlled  entity  must  be  referred  to 
some  geometrical  reference  space  within  which  destinations  and  moving  entities  can  be 
described  in  position  and  orientation.  For  example,  if  the  moving  entity  is  an  airplane 
and  the  destination  is  a  certain  city,  it  is  convenient  to  select  a  reference  space  deter¬ 
mined  by  the  earth  coordinates  of  latitude,  longitude,  north  and  the  vertical.  The 
position  of  a  destination  city  is  easily  read  from  a  map  in  terms  of  its  position  in  this 
reference  space.  It  is  the  problem  of  navigation  to  locate  the  airplane  in  this  same 

space  and  relate  its  position  and  motion  to  points  on  the  path  it  must  follow  in  reaching  • 

its  goal. 

With  known  landmarks  visible  in  good  weather,  simple  sightings  make  it  possible  to 
pinpoint  an  airplane,  to  select  a  suitable  path  for  reaching  a  selected  destination  and 
to  determine  the  actual  path  and  the  necessary  corrections.  When  terrestrial  landmarks 
are  not  available  but  star  sightings  are  possible,  the  traditional  method  of  using 
celestial  apace  for  an  auxiliary  geometrical  reference,  correcting  for  earth  rotation 
by  chronometer  time  and  applying  known  stellar  positions,  make  it  possible  to  determine 
aircraft  positions  by  the  traditional  computations  of  celestial  navigation.  3hen  both 
terrestrial  and  celestial  contacts  by  visual  observations  are  eliminated  by  unfavorable 
circumstances,  man-generated  radiation  with  known  patterns  determined  by  cooperative 
ground  stations  make  it  possible  to  navigate  bv  means  of  ground  and  airborne  receivers 
and  properly  designed  computing  aids.  With  visibility  denied  and  cooperative  radiation 
stations  lacking,  self-contained  on-board  methods  must  be  used  to  measure  or  predict 
changes  in  vehicle  position  as  functions  of  time.  The  time  honored  method  of  dead- 
reckoning  based  or  estimates  of  air  speed,  flight  directions,  wind  speed,  wind  direction, 
etc.,  is  always  a  allahlo  for  the  computation  of  future  positions,  but  cannot  provide 
high  accuracy. 
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Navigation  and  guidance  subsystems  operating  without  outside  cooperation  during 
relatively  long  periods  of  time  and  free  of  dependence  on  estimates  of  air  speed,  flight 
direction  or  wind  can  give  much  better  results  than  conventional  dead  reckoning.  These 
systems  developed  only  during  recent  years  depend  upon  computations  using  data  sensed 
by  on-board  instruments  mechanically  held  in  known  orientations  with  respect  to  earth 
coordinates.  Equipment  of  this  kind  is  made  possible  by  inertial  principles  which  are 
inherently  ideal  and  free  from  saturation  effects  within  the  necessary  operating  ranges 
for  components  and  subsystems  of  navigation  and  guidance  to  operate  for  considerable 
periods  of  time  without  external  contacts  for  geometrical  information. 

Indications  from  inertial  sensoi.->  are  not  absolute,  but  represent  changes  from  artifi¬ 
cially  introduced  initial  conditions  that  are  related  in  known  ways  to  time  and  the 
selected  geometrical  reference  space.  Once  initial  conditions  are  set,  inertial  equip¬ 
ments  operate  by  a  modern  form  of  dead  reckoning  that  uses,  not  estimates  of  speed  and 
direction,  but  measurements  of  velocity  changes  along  coordinate  axes  associated  with 
instrumental ly  maintained  internal  coordinates.  Position  changes  with  respect  to  the 
external  reference  space  are  computed  from  the  indicated  velocity  change  exponents.  It 
is  obvious  that  for  systems  of  this  kind  the  accuracy  of  results  depends  on  the  perfor¬ 
mance  of  the  inertial  sensors,  their  associated  computer.-,  and  other  necessary  subsystems. 
Many  theoretical,  engineering  and  technological  problems  are  important  for  the  technology 
of  inertial  systems  that  are  beyond  tue  scope  of  this  paper,  which  is  co-.cernc'l  only  with 
an  introduction  to  general  principles. 


3.  COMPLETE  NAVIGATION  ANO  GUOANCE  SYSTEMS 

Navigation  must  have  accurate  contacts  with  a  geometrical  reference  space  in  which  the 
desired  motions  of  the  moving  entity  are  completely  defined.  For  paths  involving  terres¬ 
trial  problems  earth  coordinates  are  particularly  well  suited  for  reference  purposes  and 
are  used  by  direct  visual  contacts  bv  artificial  long  wave  radiation,  by  use  of  intermediate 
celestial  objects  and  by  instrumented  inert  al  reference  members.  The  essential  function 
of  the  geometrical  reference  space  is  to  provide  an  orthogonal  coordinate  system  to  which 
displacements  of  the  moving  vehicle  mav  he  related  in  terms  of  components  associated  with 
the  space  in  which  the  vehicle  path  is  described.  When  ground  stations  are  available 
these  components  mav  be  measured  b.v  optical,  radio  or  radar  means,  so  there  is  no  question 
of  coordinate  relationships,  the  coordinates  actually  used  in  measurement  are  identical 
with  those  to  which  vehicle  motions  are  referred.  Radiation  receivers,  either  on  the 
ground  or  in  the  vehicle,  produce  signals  suitable  fur  processing  bv  properly  designed 
computing  subsystem*  which  generate  outputs  that  lend  to  indications  of  poslMtvn.  velocity, 
off-course  deviations,  velocity  correct  -on  command*  etc.,  that  arc  the  useful  output*  of 
navigation  systems  To  be  effective  the.*.'  output*  must  be  used  as  the  inputs  f  >r  a  con¬ 
trol  system  that  actually  cause*  the  vehicle  »o(  ion  to  chance  in  way*  t  .at  fc.rre  it  to 
follow  a  path  that  leads  to  the  desired  .lest  mat  i or. . 

■hen  the  functions  of  supplying  destination  information  nod  programs  for  operation,  of 
providing  reference  coordinates,  sensing  motion  components,  computing  control  command* 
and  executing  these  command*  are  integrated  together,  the  resulting  r.mptox  is  • 

GUIDANCE  SYSTEM.  If  the  program  function  and  the  control  function  ar->  omitted  the  result 
is  a  NAVIGATION  SYSTEM. 

CONTROL  SYSTQK  serve  to  interface  navigation  svstess  with  the  vehirjes  that  they  guide, 
in  the  sense  that  they  receive  information  level  correction  romsar.d*  as  inputs  and  provide 
changes  in  vehicle  motion  as  their  outputs.  In  order  for  this  action  to  be  effective,  the 
control  system  must  first  provide  STABILISATION  »hich.  in  effect,  is  control  about  equili¬ 
brium  conditions  corresponding  to  "no-change"  input  nsMands.  For  example,  if  an 
airplane  is  to  propcrlT  execute  commands  related  to  earth  coordinates  it  must  have  orien¬ 
tational  information  supplied  to  its  control*  so  that  right-turn,  lift-turn,  up-down  and 
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roll-right,  nul-left.  are  related  to  the  on-board  geometrical  reference  in  the  sane  way 
that  these  angular  motions  are  related  to  the  flight  path  defined  in  terms  of  the  external 
reference  coordinates. 

It  has  beer,  common  practice  for  almost  forty  years  to  provide  aircraft  with  stabiliza¬ 
tion  and  control  reference  coordinates  by  means  of  gyroscopic  instruments.  The  bank  and 
climb  indication,  which  in  effect  provides  an  instramentally  established  horizontal  plane 
reference  with  accuracies  in  the  range  of  a  few  degrees,  is  as  satisfactory  today  for 

flight  control  purposes  as  it  wa»  when  General  Doolittle  first  used  it  for  blind  flight 

in  1929.  In  a  similar  way  the  gyroscopic  turn  indicator  has  shown,  and  shows  today,  right 

and  left  turns  of  aircraft  with  about  the  same  level  of  accuracy. 

The  combination  of  these  two  gyroscupic  instruments  to  form  automatic  pilots  has  been, 
and  still  is,  effective  for  the  purpoc -  >  of  circraft  stabilization  and  control,  but  devices 
for  sensing  changes  in  lines  i  otion  have  in  the  past  never  been  used  in  autopilots  to 
provide  indications  of  navigational  information.  A  fundamental  limitation  of  conventional 
gyroscopic  aircraft  instruments  lies  in  their  inherent  indication  inaccuracies  of  »  few 
degrees  and  their  inherent  drift  rates  of  approximately  ten  degrees  per  hour.  When  it  is 
recalled  that  one  degree  angle  between  local  gravitational  directions  corresponds  to  sixty 
miles  distance  on  the  earth’s  surface,  it  becomes  obvious  that  ordinary  aircraft  instru¬ 
ments  can  not  provide  suitable  internal  reference  coordinates  for  navigation  and  guidance 
systems  with  accuracy  requirements  of  one  mile  error  for  each  hour  of  operation  after  an 
initial  fix. 


4.  INERTIAL  GUIDANCE 

Inertia]  guidance  is  the  term  applied  to  the  operation  of  an  equipment  subsystem  which 
has  three  generalis'd  functions.  The  first  function  is  that  of  establishing  and  maintain¬ 
ing  an  internal  geometrical  reference  space  which  has  an  associated  set  of  coordinates 
and  means  by  wh.ch  their  orientations  may  be  accurately  adjusted  to  the  desired  relation¬ 
ships  with  the  external  reference  space  in  which  the  destination  to  be  reached  and  the 
path  to  be  rollowed  are  specified.  The  second  function  of  inertial  guidance  is  to  receive 
specific  force,  which  is  the  vector  resultant  of  gravity  force  and  inertial  reaction  force, 
in  terms  of  components  related  to  the  internal  coordinate  system  and  to  generate  output 
signals  that  accurately  represent  these  components.  The  third  subsystem  function  is  com¬ 
putation,  ir  rscent  times  almost  universally  carried  out  in  digital  terms,  by  equipment 
which  accepts  these  output  signals  tor  Inputs  and,  as  its  own  outputs,  provides  control 
commands  and  the  indications  needed  for  effective  vehicle  operation.  Control,  a  fourth 
function  which  implements  control  commands,  has  its  low  power  level  input  side  interfaced 
with  the  computer  and  its  output  '.ide  driving  a  control  subsystem  that  is  usually  closely 
associated  with  the  vehicle  itself.  When  men  are  involved,  displays,  input  pushbuttons, 
an.!  operating  knobs  to  select  and  adjust  moden  of  operation  are  included  in  guidance 
systems  for  the  purposes  of  communication  and  interaction  between  human  operators  and  the 
arrangements  that  cooperate  with  them  as  inanimate  working  partners. 

The  technology  of  computing  equipment  is  now  capable  of  meeting  all  the  requirements  of 
inertial  guidance  for  storing  data  on  plans  and  programs,  for  carrying  out  calculations 
and  Tor  transmitting  information  to  proper  interface  points.  Similarly,  the  technology 
of  displays  and  relay  systems  is  so  well  developed  that  almost  any  desired  arrangement 
may  be  realized  by  which  a  man  can  be  informed  by  systems  as  to  actual  states  of  affairs 
and  De  given  the  power  to  impose  his  will  upon  the  machine  as  to  its  modes  of  operations, 
its  tasks  and  the  disposition  of  its  results.  Control  systems  capable  of  forcing  actual 
vehicle  motion  into  substantial  agreement  with  programmed  motion  are  well  developed  and 
generally  designed  into  operational  vehicles. 

With  good  design  and  eff'etive  quality  control,  computing,  display  and  control  sub¬ 
systems  of  inertial  guidance  equipment  will  not  limit  performance  of  overall  systems. 
Reliability  Is  another  matter,  in  that  it  is  sometimes  determined  by  these  three  functions 
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but  is  more  often  set  by  electronics,  either  associated  with  the  reference  member  or  with 
the  computer  and  the  displays.  This  state  of  affairs  means  that  currently  the  overall 
system  performance  levels  are  generally  established  by  the  inertial  sensors.  For  this 
reason  these  components  become  subjects  for  particular  attention  in  any  discussion  of 
inertial  guidance  systems. 


5.  INERTIAL  SENSORS 

Inertial  sensors  must  provide  functions  of  two  kinds.  The  first  function  of  an  in¬ 
dividual  unit  is  that  of  sensing  small  angular  deviations  with  respect  to  inertial  space 
about  a  sharply  defined  input  axis  and  producing  an  electrical  output  signal,  with  its 
sense  determined  by  the  direction  of  the  deviation  and  its  magnitude  proportional  to  the 
size  of  the  deviation.  In  practice  three  angular  deviation  sensors  of  this  kind  are  used 
in  a  triad  configuration  with  their  input  axes  held  accurately  at  right  angles  on  the 
geometrical  reference  member  to  which  the  instruments  are  rigidly  mounted. 

The  reference  member  has  three  degrees  of  angular  freedom  with  respect  to  a  base  upon 
which  it  is  mounted  and  which  in  turn  is  installed  in  the  vehicle  to  be  guided.  The 
three  axes  corresponding  t;  the  degrees  of  freedom  are  each  fitted  with  a  tightly  oper¬ 
ating  servo-drive  that  draws  »ts  input  signals  from  the  properly  combined  signals  from 
the  angular  deviation  sensors.  In  operation  the  overall  servo-drive  system  keeps  a  set 
of  orthogonal  axes  fixed  to  the  reference  member  accurately  aligned  with  the  orientations 
of  the  three  sensors  for  which  their  output  signals  have  null  (i.e.  minimum  magnitude) 
levels.  Current  servo  practice  is  developed  to  levels  that  allow  the  realization  of 
drives  capable  of  keeping  the  reference  member  coordinate  axes  in  substantially  perfect 
alignment  with  the  signal-null  orientations  of  the  sensors.  This  is  accomplished  by 
designing  high  torque  capabilities  into  the  servos  and  providing  “noise  free"  output 
signals  from  the  angular  deviation  sensors.  This  state  of  affairs  means  that  the  refer¬ 
ence  member  departs  from  ideal  performance  only  because  of  sensor  imperfections  that 
cause  the  orientations  for  which  their  output  signals  have  their  nulls  to  differ  from 
initial  settings.  Uncertainties  as  ociated  with  "drift"  effects  of  this  kind  are  the 
limiting  factors  for  angular  deviation  sensor  performance. 

Hie  second  type  of  sensor  required  for  inertial  guidance  system  operation  is  the 
receiver  for  specific  force,  which  is  the  vector  resultant  of  gravitational  force  and  the 
reaction  forces  that  accompany  accelerations  of  material  particles  with  respect  to  inertial 
space.  If  their  operation  is  to  be  ideal  these  sensors  must  respond  only  to  the  specific 
force  component  along  a  single  sharply  defined  direction,  which  for  any  given  instrument 
is  its  input  axis.  In  practice,  three  specific  force  sensors  are  mounted  rigidly  on  the 
inertial  reference  member  wit.i  their  input  axes  mutually  at  right  angles  and  carefully 
fixed  in  known  orientations  with  respect  to  the  geometrical  reference  member.  With  thip 
arrangement  the  sensor  output  signals  in  the  process  of  being  generated  are  already 
accurately  resolved  into  components  associated  in  a  known  way  with  the  coordinates  of  the 
geometrical  reference  member.  Because  of  practical  considerations,  specific  force  sensors 
are  usually  designed  to  generate  output  signals  representing,  not  specific  force  directly, 
but  the  first  integral  of  specific  force  starting  from  initial  conditions  selected  for 
convenience  in  the  operations  currently  in  progress. 

Performance  for  inertial  sensors  ranges  over  several  orders  of  magnitude  in  terms  of 
inputs  and  the  quality  of  the  corresponding  outputs.  Details  of  construction  belong  to 
the  subject  matter  discussed  in  the  technical  papers  which  follow,  not  to  this  intro¬ 
ductory  paper. 


6.  PLACE  OF  INERTIAL  PRINCIPLES  IN  NAVIGATION  AND  GUIDANCE 

Navigation  and  guidance  deal  with  problems  of  dynamic  geometry  with  changes  in 
orientation  and  in  position,  as  they  change  with  time,  as  the  elements  of  basic  interest. 
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To  deal  effectively  with  the  situations  of  navigation  it  is  necessary  to  establish  refer¬ 
ence  for  tine,  for  orientation,  and  for  position.  With  such  reference  available  navigation 
and  guidance  are  aatters  of  determining  changes  in  time  and  correlating  changes  in  orien¬ 
tation  and  position  with  these  time  changes.  The  accuracy  of  navigational  results  depends 
on  the  performance  of  the  means  for  measuring  the  basic  physical  quantities.  The  effec¬ 
tiveness  of  the  means  employed  in  navigation  depends  upon  its  ability  to  work  under  oper¬ 
ating  conditions  ranging  from  completely  free  and  continuous  interchange  of  information 
with  the  environment  to  situations  in  which  this  interchange  is  not  available  for  long 
periods  of  time  in  which  moving  vehicles  must  be  located  and  guided. 


It  has  been  noted  that,  when  visual,  radio  and  radar  contacts  with  the  ground  and  the 
sky  can  be  used,  so  that  the  earth  and  the  stars  may  serve  directly  as  references,  long 
established  methods  are  available  for  navigation.  When  continuous  radiation  contacts  are 
eliminated,  self-contained  equipment  able  to  provide  high  quality  navigation  for  extended 
periods  of  time  is  required.  Today  navigation  must  deal  with  motion  in  three  dimensions 
over  a  very  wide  range  of  speeds,  but  the  general  situation  is  somewhat  similar  to  that 
which  existed  for  sailing  ships  before  the  day  of  John  Harrison.  1735,  who  invented  the 
first  operational  chronometer.  The  problem  was  that  of  longitude,  which  could  be  solved 
only  by  an  accurate  means  for  indicating  time  so  that  the  rotation  of  the  earth  could  be 
properly  taken  into  account  for  the  interpretation  of  celestial  observations.  Once  the 
marine  chronometer  was  available  navigation  became  a  process  of  greatly  improved  accuracy 
and  reliability. 

Harrison  faced  the  need  for  a  timekeeper  to  operate  for  several  months,  there  being  no 
radio  stations  to  provide  updating  signals,  within  accuracy  Units  unheard  of  in  the  year 
1713,  when  the  British  Government  offered  various  rewards  for  solutions  to  the  problem  of 
longitude.  He  accepted  the  basic  law  of  physics  that  a  unique  relationship  exists  every¬ 
where  between  the  acceleration  imparted  to  any  massive  particle  and  the  force  associated 
with  this  acceleration.  He  understood  that  gravity  interfered  with  this  relationship  in 
a  way  that  centuries  later  would  be  stated  by  Einstein  in  his  PRINCIPLE  OP  EQUIVALENCE, 
but  he  also  realized  that  there  were  ways  of  eliminating  this  disturbing  effect.  Rela¬ 
tively  had  not  as  yet  been  discovered  and  fortunately  introduced  r.o  significant  effects 
in  Harrison’ s  time,  or  in  ours  of  today,  because  as  yet  vehicle  speeds  are  very  small 
compared  to  the  velocity  of  light. 

Realizing  that  inertial  reaction  forces  were  available  everywhere  without  the  need  for 
mechanical  or  visual  contacts  with  outside  spaces,  Harrison  made  use  of  effects  that  were 
being  successfully  used  in  clocks  and  watches  after  millennia  of  applying  considerably 
more  awkward  and  less  accurate  methods.  He  refined  the  mechanism  by  which  the  elastic 
action  of  a  spring,  working  against  the  inertial  force  reaction  of  a  miniature  flywheel 
carried  by  low  friction  bearings,  produced  an  oscillatory  mechanism  with  a  period  adjust¬ 
able  to  a  desired  constant  value  which,  with  proper  temperature  control  and  leveling  by 
proper  gimbals,  produced  the  timekeeping  accuracy  required  for  good  longitude  measurements. 

It  is  history  that,  after  Harrison  showed  the  way  during  the  middle  1700’s,  many 
chronometers  were  built  with  performance  that  removed  time  measurements  from  the  unenviable 
position  of  limiting  the  accuracy  of  navigation.  It  is  pertinent,  but  not  basically  im¬ 
portant,  that  radio  stations  with  crystal-controlled  oscillators,  atomic  clocks  and  very 
precise  determinations  of  star  transits  now  provide  excellent  monitoring  for  on-board 
electronic  clocks,  which  certainly  eliminates  inaccuracies  in  time  as  a  limiting  factor  in 
the  overall  processes  of  navigation  and  guidance. 

The  marine  chronometer  and  the  many  devices  that  are  its  descendants  have  solved  the 
availability  of  accurate  time  Indications  on  board  moving  vehicles.  However,  navigation, 
which  to  be  completely  satisfactory  must  solve  problems  in  dynamic  geometry  by  self-con¬ 
tained  on-board  equipment  of  high  accuracy  and  reliability,  requires  that  internal  refer¬ 
ence  coordinates  and  internally  generated  indications  of  vehicle  position,  velocity  and 
acceleration  be  continuously  available  within  moving  vehicles.  Monitoring  by  radiation 
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contacts  of  any  and  all  kinds  is  certainly  desirable  but  not  necessary  during  extended 
time  periods  and  is  to  be  considered  as  a  functional  part  of  overall  systems,  not  as  an 
arrangement  competing  with  inertial  principles. 

Sensing  of  angular  deviations  with  respect  to  inertial  space  with  self-contained 
instruments  is  accomplished  with  angular  momentum  provided  by  gyroscopic  rotors.  Forced 
precession  of  such  rotors  away  from  an  initial  orientation  requires  torque,  and  that  can 
be  used  to  drive  a  viscous  integrator  which  produces  an  angular  input  to  a  signal  gen¬ 
erator,  whose  output  represents  the  angular  deviation  of  the  gyro  unit  case  with  respect 
to  its  reference  orientation.  The  gyro  output  signal  from  a  single  gyro  provides  '":.e  of 
the  three  inputs  needed  to  establish  and  hold  an  inertial  reference  member  in  its  refer¬ 
ence  orientation  and  is  maintained  within  limits  dependent  upon  gyro  drift  rates  which 
are  made  as  low  as  possible  by  design  and  manufacture. 

Sensing  of  linear  displacements  of  components  of  the  reference  member  from  an  initial 
position  in  inertial  space  depends  upon  an  instrument  that  uses  an  unbalanced  mass  to 
impose  a  torque  on  a  calibrated  restraint  element.  Signals  dependent  upon  the  output  of 
this  calibrated  element  are  proportional  to  the  input  specific  force  component  along  the 
sensor  input  axis.  Effective  double  integration  of  this  acceleration  signal  and  correc¬ 
tion  of  the  result  for  the  effects  of  gravity  produces  indications  of  changes  in  position 

Inertial  components  have  been  in  existence  for  some  time  to  prove  the  feasibility  of 
inertial  navigation  and  guidance.  The  future  surely  holds  advances  in  technology  that 
will  lead  to  ever-increasing  usefulness  of  navigation  and  guidance  equipment.  Details  of 
these  future  developments  are  the  basic  subject  matter  of  the  papers  that  follow. 


7.  CONCLUSION i 

Navigation  and  guidance  are  dependent  on  time,  reference  coordinates  in  which  the 
desired  path  of  the  guided  vehicle  is  defined  and  a  means  for  measuring  vehicle  displace¬ 
ments  with  respect  to  these  coordinates.  Time  is  generally  available  everywhere  from 
watches,  clocks,  chronometers,  vibrating  crystals,  tuning  forks,  molecular  drivers, 
earth’s  rotation  against  the  stars  etc.,  and  certainly  does  not  present  more  than  routine 
engineering  problems  today. 

Geometrical  orientation  for  reference  coordinates  may  be  taken  from  lines  of  sight  to 
stars  of  known  location  on  the  celestial  sphere,  from  the  earth,  from  instrumentally 
driven  inertial  reference  members,  and  from  any  other  available  space  that  may  be  con¬ 
venient.  Just  as  Instruments  for  measuring  time  based  on  vibrations  determined  by  the 
dynamic  balance  between  elastic  forces  and  inertial  reaction  forces  are  used  because  of 
their  continuous  operation  with  no  more  than  infrequent  monitoring  contacts,  Inertia 
reaction  effects  mechanized  by  gyro  instruments  are  essential  for  the  accurate  sensing  of 
angular  deviations  from  initially  set  orientations. 

Once  an  in urumentally  established  inertial  reference  member  is  available  with  means 
for  close  alig.'ment  to  an  external  reference  space,  sensors  for  specific  force  along 
well  defined  input  axes  can  provide  signals  that  accurately  indicate  the  components  of 
specific  force,  the  resultant  of  gravity  and  inertia  reaction  force,  along  the  three 
orthogonal  Inertial  reference  member  axes.  Proper  computational  processing  of  these 
signals,  to  correct  for  gravitational  effects  and  to  transform  results  into  a  convenient 
external  reference  space,  gives  navigational  Information  on  position,  velocity,  direction 
and  ground  speed  for  the  moving  vehicle.  This  information  can  be  displayed  to  human 
operators  and  may  also  be  used  as  signals  in  automatic  control. 

Inertial  principles  make  it  possible  to  have  continuous  outputs  for  navigation  and 
guidance  from  on-board  equipment  for  significant  periods  of  time  without  monitoring  by 
contacts  with  external  space.  Operation  of  this  kind  is  essential  when  radiation  contacts 
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are  not  available  and  is  very  helpful  when  such  contacts  are  intermittent.  The  useful¬ 
ness  of  basic  inertial  equipment  obviously  depends  upon  the  accuracy  of  its  indications 
as  functions  of  time,  its  reliability  in  operation  and  its  hours  of  satisfactory  perfor¬ 
mance  per  dollar  of  combined  first  price  and  total  costs  of  maintenance.  In  any  case, 
inertial  equipment  is  here  to  stay  -  it  does  not  represent  gadgetry  that  will  disappear 
after  its  novelty  has  worn  off.  The  false  claims  of  particular  mechanisms  will  in  time 
be  replaced  by  true  engineering  information  and  sound  technology. 

Many  implementations  of  inertial  sensors  and  all  the  other  components  of  complete 
inertial  systems  have  been  advertised  and  reduced  to  practice.  It  is  not  the  purpose 
of  this  paper  to  discuss  these  details  or  the  sort  of  performance  that  has  been  achieved 
in  operational  systems.  However,  one  remark  based  on  much  personal  experience  may  be 
in  order,  this  remark  is  that  the  quality  and  overall  hours  performance  per  dollar  of 
total  cost  will  surely  be  much  better  for  future  systems  than  it  is  for  present  systems. 
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SUMMARY 


A  broad  treatment  is  given  of  the  requlreaent  for  the  use  of  hybrid 
Inertial  Navigation  systeas  in  the  light  of  continual  developaent  in  the 
capability  of  pure  Inertial  systeas,  and  the  availability  of  nee  navigation 
aids  and  computing  techniques.  The  sain  characteristics  of  the  pure  Inertial 
systea  are  described,  with  particular  eaphasls  on  those  aspects  of  perform¬ 
ance  and  integrity  ehich  require  the  support  of  other  aids,  and  the  advantages 
and  liaitations  of  saae  early  exaaples  of  hybrid  systeas  are  discussed. 

Future  trends  in  hybrid  inertial  navigation  systeas  are  discussed,  eapha- 
sising  the  iaportant  role  that  aodern  digital  coaputing  techniques  are  going 
to  have  in  such  systeas  for  both  ailitary  and  civil  airborne  use. 
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NOTATION 


R  local  earth' s  radius  of  curvature 

*  effective  vertical  gyro  drift  rate 

V,  aircraft's  velocity  component  as  Measured  by  Inertia 

VD  aircraft’s  velocity  component  as  Measured  by  Doppler 

Av  error  in  Measurement  of  aircraft'  s  velocity  component 

H  earth’s  angular  rotation 

*  aircraft  latitude 

Ay  angle  betveen  platform  arinytb  datum  and  true  North 

Ay(  error  in  Measurement  of  Ay> 

Kj.Kj  scaling  factors  in  feedback  loops 

Ad  error  in  resolved  Doppler  speed  component 
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TECHNIQUES  AND  PHILOSOPHY  OF  MIXING  OR  AIDING 
INERTIAL  NAVIGATION  WITH  OTHER  NAVIGATION  AIDS 

G.E.  Roberts 


1.  INTRODUCTION 

We  nay  define  a  hybrid  Inertial  Navigation  (I.N. )  system  as  a  systea  in  which  the 
overall  capability  is  based  on  the  use  of  I.N.  in  conjunction  with  one  or  nore  other 
navigation  aids  of  a  basically  different  type.  The  tera  overall  capability  is  here  used 
in  its  broadest  possible  sense  to  include  accuracy,  operational  flexibility,  error  dis¬ 
tribution  characteristics,  reliability,  and  systea  credibility.  Systea  perforaance  is 
defined  here  as  including  the  first  tao  of  these  characteristics  and  systea  integrity  the 
last  three,  and  the  objective  of  hybrid  systeas  can  then  be  defined  as  optiaislng  systea 
perforaance  and  integrity. 

This  paper  exaaines  the  case  for  ‘hybrid”  as  opposed  to  “pure"  I.N.  systeas  in  the  air¬ 
borne  application  in  the  light  of  continual  development  in  I.N.  perforaance.  and  the 
availability  of  new  navigation  aids  and  computing  techniques.  The  tern  Mixed  I.N.  system 
is  normally  employed  for  a  hybrid  systea  in  which  the  accent  is  on  accuracy  of  the  com¬ 
bined  systea.  Since  the  required  accuracy  is  only  attained  with  both  sensors  operative, 
this  type  of  hybrid  systea  does  not  in  general  add  much  to  systea  Integrity.  In  "Aided" 
systems  the  additional  aid  is  used  to  improve  system  integrity  or  operational  flexibility. 
The  tendency  towards  ever  increasing  I.N.  accuracy  will  obviously  be  accompanied  by  a 
tendency  towards  the  use  of  Aided  I.N.  rather  than  Mixed  I  N.  systems. 

As  far  as  the  additional  navigation  aids  are  concerned  we  shall  be  talking  about  two 
main  types  of  aid,  according  to  whether  the  prime  information  is  defined  in  aircraft  or 
in  ground  axes.  The  first  type  are  of  the  Dead  Reckoning  type,  typified  by  Doppler  Radar, 
and  in  general  they  provide  continuous  information  which  baa  been  very  suitable  for  use 
with  aixed  I.N.  systems  using  analogue  techniques.  The  second  group  are  normally  called 
"position-fixing"  aids  and  have  tended  in  the  past  to  be  available  only  at  discrete  inter¬ 
vals  and  have  been  used  mainly  in  slapl*  aided  I.N.  systems.  The  use  of  modern  digital 
computing  techniques  has  extended  the  potential  use  of  discrete  fixes  and  this,  coupled 
with  the  availability  of  continuous  position  information  from  ground  based  radio  aids  and 
automatic  astro,  any  mean  a  considerable  extension  to  the  use  of  such  aids  in  the  future. 


t.  I.N.  CHARACTERISTICS 

It  would  be  pertinent  at  this  stage  to  examine  the  perforaance  and  integrity  character¬ 
istics  of  the  pure  I.N.  system  so  as  to  highlight  those  areas  where  hybrid  systems  may  be 
of  value.  Fbr  the  sake  of  simplicity  the  following  treatment  of  performance  ignores  the 
very  long  tera  (nominally  24-hour  period)  oscillatory  effects  ahlch  tend  to  bouad  a  large 
proportioa  of  the  I.N.  errors  for  a  slowly  sowing  vehicle.  These  effects  are  In  any  case 
drastically  aodified  at  aircraft  speeds  and  tend  to  be  of  lees  importance  for  the  rela¬ 
tively  short  sortie  duration  of  aircraft.  It  ell)  further  be  assumed  that  the  Inertial 
Platform  is  nominally  aligned  to  local  North  sad  last  asea  in  order  to  simplify  the 
presentation;  the  general  pattern  of  errors  applies  equally  for  other  azimuth  precession 
configurations. 
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Fundamentally  I.N.  performance  depends  upon  three  basic  assumptions,  each  of  which  can 
be  associated  with  a  particular  error  source. 

The  first  assumption  is  that  the  system  continually  defines  the  earth's  local  vertical 
axis.  In  a  pure  I.N.  system  the  vertical  defining  system  is  an  undamped  Schuler  tuned 
system,  and  velocity  and  tilt  errors  introduced  either  during  initial  set  up  or  during 
take-off  and  flight  are  perpetuated  in  the  system  as  oscillatory  terms  of  approximately 
84-minute  period.  The  importance  of  this  type  of  error  tern  is  that  it  can  have  a  signifi¬ 
cant  effect  on  the  velocity  or  short  tern  dead- reckoning  capability  of  the  system,  which 
in  turn  can  be  important  in  weapon  aiming  applications  and  possibly  in  terminal  area 
navigation  for  civil  airlines. 

Next,  we  have  the  assumption  that  the  system  rate  of  rotation  of  the  inertial  axes  are 
a  true  measure  of  the  rotation  of  local  earth  axes  in  inertial  space.  This  gives  rise  to 
a  long  tern  system  velocity  error  of  the  form  Rw  .  where  R  is  the  local  earth’s  radius 
and  w  is  the  precession  error  tern,  which  includes  both  the  drift  rates  of  the  gyros  and 
scale  factor  errors  in  the  precession  terns,  fhile  this  term  contributes  to  the  short 
tern  performance  its  most  important  effect  is  in  the  long  tern  accumulation  of  position 
error  in  the  system. 

Ihe  third  basic  assumption  is  that  the  rate  of  rotation  of  the  local  vertical  axis  in 
inertial  space  can  be  related  to  the  motion  of  the  aircraft  over  a  rotating  earth,  which 
brings  in  the  important  factor  of  azimuth  alignment.  There  are  two  separate  cases  to 
distinguish  here: 

(i)  ttere  the  requirement  is  to  determine  the  aircraft's  velocity  in  aircraft  axes  as 
in  some  weapon  aiming  applications,  or  in  hybrid  systems  with  Navigation  aids 
operating  in  these  axes.  This  gives  rise  to  a  long  term  velocity  error  term 
rQ  cos  X  A*  in  the  nominally  North-orientated  inertial  axis.  0  is  the  angular 
velocity  of  the  earth.  A.  the  latitude,  and  <V  the  error  in  alignment  of  the 
North  axis. 

Ol)  For  normal  navigation  purposes,  or  for  hybrid  systems  with  navigation  aids  opera¬ 
ting  In  earth  axes,  the  I.N.  must  produce  outputs  defined  relative  to  earth  axes. 

In  this  caae  we  have  an  additional  long  term  velocity  error  in  the  serose-track 
direction  given  by  VAf  .  where  V  is  the  velocity  of  the  aircraft,  and  at  very 
high  aircraft  speeds  this  will  obviously  become  an  important  factor. 

In  a  pure  I.N.  system  the  normal  aethod  of  aligning  the  system  in  azimuth  is  by  the 
technique  of  gyro -compass ieg  before  take  off.  sad  relying  on  the  azimuth  gyro  to  maintain 
thin  alignment  subsequently.  Next  nun  use  is  made  of  the  fact  that  the  system  is  practically 
stationary  on  the  earth  during  ground  gyro-compass  mg.  to  speed  up  the  response  of  the 
system  and  to  damp  out  oscillatory  terns,  sheo  the  system  has  settled  down  the  velocity 
error  in  the  noalnally  North  channel  is  given  ter 

av  =  i*  ♦  «n  cos \  a*  . 

Ihe  platform  can  be  preceased  in  azimuth  until  £ V  is  aero,  or  the  veins  of  Av  can 
be  need  me  m  measure  of  the  correctioa  to  he  applied  is  azimuth.  In  either  case  the  final 
error  la  alignment  le  given  hr 


•hem  operating  at  latitudes  beloa  TO0  this  means  that  the  azimuth  error  is  reduced  by 
gyro-compeeeing  to  n  level  consistent  with  otter  errors  in  the  system. 


There  is.  however,  some  conflict  between  the  military  reqwlrament  for  rapid  rw  net  lot 
time  rad  the  alignment  time  before  take  off  rtqwirwd  by  gyro -compass leg.  rad  so  f nr  there 
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are  operational  or  technical  reservations  on  all  the  schemes  designed  to  overcoae  this 
difficulty.  When  this  is  taken  in  conjunction  with  the  fact  that  there  will  still  b?  an 
accusulated  error  due  to  drift  rate  of  the  azimuth  gyro  in  flight,  it  is  clear  that  there 
are  great  potential  benefits  to  be  gained  from  the  possibility  of  air  alignment  of  the 
IN. 

In  sinnary  we  can  therefore  say  that  the  possible  areas  where  I.N.  performance  may  need 
enhancement  are  as  follows: 

(1)  Reducing  the  effect  of  the  84-minute  oscillatory  terms. 

(ii)  Improving  the  performance  limitation  imposed  by  the  drift  rate  of  the  vertical 
gyros. 

(iii)  The  possibility  of  air  alignment. 

In  the  early  days  of  I.N.  development  the  vertical  drift  rates  mere  well  below  the 
requirement  for  a  self-contained  navigation  system  and  the  accent  was  on  mixed  I.N. 
systecs.  particularly  Doppler  Inertia  Mixing.  At  the  present  state,  with  pure  I.N.  per¬ 
formance  capability  of  the  order  of  one  nautical  mile  per  hour  or  better,  the  accent  is 
more  on  Aided  Hybrid  I.N.  systems,  with  the  stress  perhaps  more  on  areas  (1)  and  (iii). 
depending  upon  the  requirement.  With  the  expected  line  of  development  in  the  future,  and 
particularly  through  the  use  of  the  very  promising  cluster  rotation  technique  in  I.N. , 
which  considerably  reduces  the  effects  in  areas  (i)  and  (ii).  it  could  well  be  that  air 
alignment  will  be  the  area  in  which  hybrid  I.N.  systems  will  play  the  most  Important  part 
in  the  future  froa  the  performance  aspect. 

The  integrity  aspects  of  I.N.  are  receiving  a  considerable  amount  of  attention  at 
present  because  of  its  application  to  civil  aircraft,  both  as  an  attitude  reference  for 
flight  control  and  as  a  navigation  aid.  Proa  the  reliability  standpoint  the  moat  string- nt 
requirement  is  set  by  the  flight  control  application  and  there  la  little  doubt  that  thi 
can  be  net  by  a  duplex  or  triplex  I.N.  installation.  As  far  as  navigation  is  concerned 
the  critical  aspect  is  meeting  the  lateral  separation  safety  standards  for  civil  aircraft; 
in  this  context  two  areas  are  now  highlighted. 

The  first  is  the  phenomenon  known  as  error  distribution  tall,  a  typical  example  of 
which  is  shown  in  Figure  |.  The  important  feature  here  is  that  the  frequency  of  occurrence 
of  large  errors  is  considerably  greater  than  -*ne  would  expect  from  a  Gaussian  distribution, 
and  it  is  therefore  dangerous  to  predict  the  chance  of  a  large  error  on  the  basis  of  the 
standard  deviation  error.  The  particular  aspect  of  I.N.  which  makes  it  vulnerable  from 
this  point  of  view  la  that  partial  aal functions  which  can  lead  to  uassfa  navigation  errors 
are  difficult  to  detect  as  such  by  the  rree.  until  I.N.  development  leads  to  an  adequate 
self -checking  capability,  there  will  be  obvious  advantages  in  using  fixing  aids  as  credi¬ 
bility  checks. 

The  second  critical  area  is  concerned  with  the  possibility  of  common  navigation  errors 
in  multiplex  t.N.  systems,  produced  either  fay  a  common  aircraft  system  failure,  such  as 
electrical  power  supply,  or  by  human  blunder,  the  advantage  of  a  hybrid  system  in  this 
context  is  that  the  possibility  of  common  error  la  fundamentally  remote,  whereas  **esi«iag 
out”  this  possibility  io  a  multiples  system  cam  be  a  formidable  task. 


3.  EXAMPLES  IF  SYSRIP  SYSTEMS 

the  combination  of  I.N.  with  Doppler  Radar  provides  aa  interest  ins  example  of  hybrid 
I.N.  systems  using  analogue  computing  techniques.  In  the  following  examples  the  Doppler 
Radar  velocity  output  is  first  resolved  through  the  platform  heading  angle  to  provide  the 
components  of  Doppler  derived  velocity  la  inertial  axes,  this  is  them  subtracted  from  the 
inertial  velocity  and  the  velocity  difference  slgaal  baa  the  laportaat  property  of  separa¬ 
ting  the  effect*  of  platform  tilt  from  those  of  vehicle  acceleration,  mo  that  it  cam  he 
used  either  aa  a  damping  term  or  for  modifying  the  system  oscillation  frequency  aa  desired. 
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The  simplest  form  of  Doppler-I.N.  hybrid  system  is  the  Doppler  damped  system  shown  in 
Figure  2.  Here  the  only  difference  from  the  pure  inertial  configuration  is  the  feedback 
term  K,(V,  -  VR1  ,  in  which  the  value  of  Kj  is  adjusted  to  provide  semi-critical  damp¬ 
ing  of  the  system  Schuler  tuned  oscillations.  The  system  characteristics  are  practically 
identical  with  those  of  the  pure  I.N.  system,  except  for  the  fact  that  the  Schuler  tuned 
oscillations  are  damped  out,  with  a  consequent  improvement  in  the  short  term  velocity 
performance.  The  system  does,  in  fact,  have  an  in-flight  alignment,  capability,  but  this 
is  too  slow  to  be  of  practical  importance,  and  the  same  ground  alignment  techniques  as 
for  pure  I.N.  are  normally  used  with  such  systems. 

Figure  3  shows  the  configuration  for  the  Doppler-Inertia  mixed  system  in  which  the 
objective  is  to  combine  the  long  term  navigation  accuracy  of  Doppler  with  the  smooth 
velocity  response  of  I.N.  and  have  a  system  capability  for  in-flight  alignment.  Hie  velo¬ 
city  difference  signal  (Vj  -  V'D)  is  now  fed  back  along  two  paths;  K . (V j  -  VD)  to  tlu- 

input  of  the  integrator  and  K2(Vj  -  V'D)  as  an  additional  vertical  gyro  precession  term. 
The  value  of  (K2  +  l/R)  determines  the  overall  system  period  and  K:  is  chosen  as  a 
compromise  between  system  response  time  and  total  velocity  error. 

Once  the  value  of  K.  is  fixed,  K.  is  adjusted  to  provide  the  required  damping  and 
is  normally  chosen  to  give  approximately  semi-critical  damping.  A  much  improved  overall 
performance  can  be  obtained  if  the  values  of  K,  and  K,  can  be  varied  as  the  system 
settles  down,  but  this  degree  of  complexity  is  probably  better  handled  by  the  digital 
computing  techniques  to  be  mentioned  later. 

Considered  solely  as  a  system  for  defining  the  aircraft’s  velocity  in  inertial  or  air¬ 
craft  axes,  the  requirement  on  inertial  accuracy  is  not  particularly  severe  and  the  system 
characteristics  can  be  summarised  as  follows: 

(a)  It  will  settle  down  to  a  definition  vf  the  vertical  good  to  a  few  minutes  of  arc 

in  flight,  in  a  period  of  the  crder  of  ten  minutes. 

(b)  Inertial  errors  and  oscillatory  terms  in  velocity  will  decay  in  the  same  time. 

(c)  The  white  noise  content  of  Doppler  is  considerably  reduced  by  an  effective  filter 
equivalent  to  the  system  period  and  damping.  There  is,  however,  no  equivalent  lag 
in  acceleration  response  whicn  remains  practically  as  good  as  a  pure  I.N.  system. 

(d)  The  long  term  accuracy  is  determined  mainly  by  Doppler. 

The  steady-state  value  of  Vj  -  VD  for  the  nominally  North  axis  is  given  by  the 
expression 

Ad  R(w  ■»  i  •'  cos  a  Ay.-j 

(V  -  v  )  -  _  +  - _ 

1  D  NS  K2R  +  1  K?R  +  1 

Ad  in  this  expression  is  the  error  in  the  resolved  Doppler  component  and  does  not  include 
errors  in  azimuth  alignment  to  true  North.  Hie  value  of  (K?R  +  1)  is  typically  about 
ICO  so  that  the  contribution  of  Doppler  +  Inertial  errors  to  the  right-hand  side  is  very 
small. 

When  we  consider  the  Navigation  requirement,  however,  there  remains  the  important  prob¬ 
lem  of  alignment  in  azimuth,  and  here  we  have  to  distinguish  between  operation  with  low 
quality  or  high  quality  Inertia.  When  the  vertical  gyro  wander  rate  is  too  large  for 
gyro-compassing  to  be  possible,  air  alignment  in  azimuth  is  only  possible  by  using  an 
additional  aid  such  as  astro  or  ground  fixes.  Note  that  the  use  of  ground  fixes  in  this 
case  is  not  a  gyro-compassing  mode  but  a  comparison  of  Doppler  Dead  Reckoning  with  fix 
information  and  is  available  world  wide. 
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With  high  quality  inertial  components  the  system  is  capable  of  a  self-contained  azimuth 
alignment  mode  in  flight  by  gyro -compassing.  This  is  obtained  by  using  the  velocity 
difference  signal  in  the  nominally  North  channel  to  process  the  azimuth  gyro  in  the  direc¬ 
tion  to  bring  -  to  a  minimum. 

The  steady -state  value  of  -  is  then  given  by 

:-D  f  Rw 

f  R  T  cos 

Apart  from  the  Doppler  error  term  .  D  .  this  is  the  same  expression  as  is  obtained  for 
ground  gyro -compassing,  and  the  effect  of  vertical  gyro  wander  w  and  latitude  a.  are 
similar.  The  effect  of  the  term  .  P  is  to  give  an  additional  error  in  azimuth  which,  for 
subsonic  speeds  and  at  normal  latitudes,  is  consistent  with  the  remaining  system  performance. 
For  very  high  aircraft  speeds  or  at  high  latitudes,  better  performance  can  be  obtained  by 
reverting  to  the  Fix  Monitored  Azimuth  technique. 

It  will  be  noted  that,  if  K;  is  reduced  to  zero  and  the  value  of  K,  correspondingly 
adjusted,  the  Doppler  Mixed  system  reverts  to  Doppler  Damping  and,  once  the  system  has 
settled  do*:,  rom  its  initial  errors,  there  would  be  some  advantage,  in  terms  of  total 
system  error,  in  making  this  change.  However,  it  must  be  realised  that,  when  the  gyro- 
compassing  loop  is  included,  the  value  of  Vj  -  vD  for  the  North  channel  is  reduced  to 
zero  and  the  system  output  on  the  channel  will  therefore  be  controlled  by  the  error  in 
Doppler  rather  than  by  Inertia,  as  in  the  simple  damped  system. 

The  performance  enhancement  obtained  in  hybrid  Doppler-I.N.  systems  is  to  some  extent 
at  the  expense  of  system  integrity.  In  a  Doppler  Mixed  system  using  low  quality  inertial 
components  there  is  obviously  very  little  capability  if  the  Doppler  or  the  Inertial  ele¬ 
ments  fail.  With  high  quality  inertia  there  is  a  system  capability  in  the  event  of 
Doppler  failure,  provided  this  failure  is  detected  and  the  Doppler  cut  out  early  enough, 
bince  catastrophic  errors  can  be  introduced  into  the  I.  N.  in  the  case  of  undetected 
Doppler  failure,  the  integrity  of  the  overall  system  rather  hinges  on  the  availability  of 
a  reliable  automatic  cut-out  for  Doppler. 

Tie  use  of  ground  fixes  as  a  credibility  aid  for  I.N.  has  already  been  mentioned,  as 
has  the  use  of  fixes  in  conjunction  with  Doppler  in  the  Fix  Monitored  Azimuth  technique. 

The  use  of  fixes  for  credibility  can  also  be  readily  extended  to  the  up-dating  of  I.N. 
position  and  this  form  of  hybrid  I.N.  system  is  almost  invariably  used  in  military  air¬ 
craft  in  the  target  area. 

More  extensive  mixing  of  I.N.  with  intermittent  ground  fixing  aids  to  improve  the  sys¬ 
tem  velocity  performance  are  not  in  general  amenable  to  analogue  techniques.  However,  in 
the  particular  case  in  which  the  I.N,  system  has  been  set  up  on  the  ground  but  there  has 
been  no  time  for  gyro -compassing,  it  can  be  assumed  that  azimuth  alignment  is  the  pre¬ 
dominant  error  and  a  form  of  in-flight  gyro -compassing  using  ground  fixes  can  be  employed. 

It  is  of  interest  to  note  that  in  this  case  the  gyro-compassing  is,  in  terms  of  the  total 
angular  rotation  rate,  composed  of  the  earth’s  rotation  and  the  aircraft’s  motion  around 
the  earth.  This  means  that  there  is  no  specific  latitude  limitation  to  this  form  of  gyro- 
compassing,  but  the  system  is  Inoperative  whenever  the  aircraft’s  motion  is  equal  and 
opposite  to  the  earth’s  speed  at  any  particular  latitude. 

One  other  specialised  form  of  hybrid  I.N.  system  is  perhaps  worthy  of  mention  at  this 
time.  Ibis  is  the  combination  of  automatic  star  tracking  with  the  Inertia  Navigator  in 
the  Astro-Inertial  system.  With  a  line  of  sight  defined  on  two  known  stars  the  astro 
component  supplies  all  the  information  required  to  provide  a  continuous  fixing  aid  and  to 
determine  true  North,  if  it  is  supplied  with  a  knowledge  of  the  local  vertical.  The  role 
of  inertia  in  the  system  is  to  supply  the  definition  of  the  local  vertical  and  to  provide 
an  inertial  memory  for  the  periods  when  the  stars  are  obscured.  Since  a  precise  azimuth 
datum  is  available  when  operating  in  the  astro  mode  and  information  is  also  available  for 
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correcting  the  gyro  wander  rates,  the  inertial  memory  will  be  operating  under  optimum 
conditions  during  the  inertial  memory  mode. 

In  the  Astro -Inertial  system  the  only  basic  inertial  error  remaining  arises  out  of  the 
Schuler  tuned  oscillations  of  the  inertial  platform.  With  the  addition  of  Doppler  to  the 
system  these  can  be  damped  out  in  the  manner  indicated  previously  and  the  Doppler  damped 
Astro-Inertial  system  is  capable  of  giving  a  bounded  error  of  less  than  one  nautical  mile 
for  any  flight  duration  and  independent  of  position  over  the  earth.  At  the  same  time  the 
system  will  provide  accurate  datum  directions,  both  in  the  local  vertical  and  in  azimuth, 
for  flight  control  purposes. 

The  main  disadvantages  of  astro  in  the  past  have  been  the  fact  that  the  stars  can  be 
obscured  by  clouds  and  the  cost  and  complexity  of  achieving  the  capability  of  detecting 
stars  by  day.  However,  the  modern  trend  for  flying  faster  and  higher  are  in  its  favour 
and  it  may  well  be  that  the  cost  can  be  justified  in  terms  of  its  capability  for  future 
aircraft. 


4.  FUTURE  TRENDS 

The  development  of  the  airborne  digital  computer  is  now  well  advanced  and  there  is 
little  doubt  that  it  will  find  increasing  use  for  date  processing  tasks  in  future  aircraft, 
both  military  and  civil.  As  applied  to  the  integration  of  hybrid  systems,  the  flexibility 
and  computing  accuracy  available  with  these  techniques  can  make  a  profound  change  to  the 
philosophy  of  mixing  in  several  respects: 

(a)  The  high  computing  accuracy  inherent  in  digital  computing  enables  error  models  of 
the  I.N.  to  be  constructed  without  loss  in  overall  accuracy.  This  opens  up  the 
possibility  of  mixing  at  the  output  of  the  I.N.  in  such  a  manner  that  three  separate 
navigation  outputs  are  available.  Pure  I. N..  the  Nav-Ald  and  Corrected  I.N.,  and  a 
credibility  check  made  between  them.  Operating  in  this  manner  considerably 
increases  overall  system  integrity  and  does  away  with  the  distinction  between  mixed 
and  aided  systems. 

(b)  The  flexibility  of  digital  techniques  allows  the  effective  gain  in  the  mixing  loops 
to  be  varied  as  required  by  system  parameters  so  that  it  is  operating  in  the  optimum 
manner  at  all  stages. 

(c)  Maximum  use  can  be  made  of  the  known  error  characteristics  cf  the  I.N.  and  the 
Nav-Aids  so  as  to  get  the  best  possible  correction  in  a  given  time. 

These  advantages  can  be  obtained  by  using  Optimal  Filter  theory  in  which  corrections 
are  applied  at  any  time  on  the  basis  of  maximum  probability  in  terms  of  all  the  known  sys¬ 
tem  characteristics.  The  Kalman  filtering  system  is  one  that  is  particularly  suitable  for 
use  with  digital  computers  because  the  information  required  to  make  the  future  best  estim¬ 
ate  of  the  I.N.  errors  is  stored  in  two  sets  of  numbers,  the  current  estimate  of  the  I.N. 
errors  (called  the  State  Vector)  and  the  current  estimate  of  the  variances  of  these  errors, 
and  it  is  not  necessary  to  store  the  error  values  occurring  each  time  the  I.N.  is  up-dated. 

Figure  4  shows,  in  block  schematic  form,  the  operation  of  a  Kalman  Filter  network  com¬ 
bining  I.N.  with  another  Navigation  Aid.  In  the  top  loop  we  see  the  way  the  current  estimate 
of  the  I.N.  errors  (the  state  vector)  is  processed  by  simulated  Inertial  Platform  equations 
so  that  they  are  continuously  up-dated  in  the  absence  of  external  information  and  then 
added  on  to  the  I.N.  outputs  to  provide  the  current  best  estimate  of  the  combined  system. 

When  Nav-Aid  information  is  available  the  error  between  it  and  the  corrected  Inertial  out¬ 
puts,  after  adjustment  by  a  suitable  weighting  factor,  is  used  to  correct  the  values  of 
these  error  estimates  in  the  state  vector.  The  weighting  factor  is  computed  fret  the  known 
noise -variance  in  the  Nav-Aid  and  the  variances  and  covariances  of  the  various  elements  of 
the  state  vector,  which  are  continuously  up-dated  in  the  bottom  loop  from  pre-set  values. 


11 


In  this  way  the  weighting  factor  logic  apportions  the  measured  error  between  the  elements 
of  the  state  vector  in  the  most  probable  manner  on  the  assumption  of  normal  error  dis¬ 
tribution. 

Hie  pre-set  matrix  of  the  variances  of  these  elements  are  similarly  up-dated  by  I.N. 
equations  with  the  additional  provision  for  the  addition  of  random  changes  coming  in  with 
the  passage  of  time.  The  gradual  deterioration  in  the  value  of  the  variances  is.  however, 
restored  each  time  external  information  is  available,  to  an  extent  depending  upon  the  noise 
variance  of  the  Navigation  Aid,  thus  taking  into  account  the  improved  certainty  with  which 
the  errors  are  known  after  each  correction.  This  process  of  continually  up-dating  the 
variances  used  in  determining  the  weighting  factor  for  error  correction  is  equivalent  to 
continuously  variable  feedback  gain  in  analogue  terms,  and  gives  the  filter  its  property 
of  making  the  best  possible  use  of  the  information  available. 

The  advantages  of  the  Kalman  Filter  approach  to  hybrid  I.N.  systems  can  then  be 
summarised  as  follows: 

(a)  It  will  provide  optimum  correction  with  any  Nav-Aid  or  combination  of  Nav-Aids 
whether  operating  continuously  or  intermittently. 

(b)  The  number  of  I.N.  characteristics  corrected  depends  solely  on  the  choice  of  ele¬ 
ments  in  the  state  vector.  A  full  air-alignment  capability  is  available  with 
either  Doppler  or  Fixing  types  of  aid. 

(c)  Besides  providing  the  corrections  to  the  I.N.,  the  computer  provides  a  measure  of 
the  credibility  of  the  correction  which  can  be  displayed  to  the  operator.  This 
facility,  coupled  with  the  ability  to  preserve  the  uncorrected  I.N.  output,  makes 
the  system  very  flexible  as  a  man-machine  interface  that  optimises  the  use  of  the 
individual  sensors  from  the  overall  integrity  aspect. 

Another  interesting  trend  in  the  future  will  be  the  increased  availability  of  continuous 
fixing  aids  with  a  world-wide  capability,  which  will  probably  replace  Doppler  as  the  back¬ 
up  to  I.N.  Apart  from  Automatic  Astro,  VLF  navigation  aids,  such  as  Omega,  and  the  use  of 
satellite  navigation  may  be  mentioned  as  interesting  possibilities  for  future  integration 
with  I.N.  which,  apart  from  specialised  military  applications,  may  well  be  competitive  on 
a  cost-effectiveness  basis  with  multiplex  I.N.  Installations  in  the  civil  field. 


5.  CONCLUSIONS 

Despite  the  rapid  progress  which  has  been  made  in  pure  I.N.  capability,  it  has  still  a 
long  way  to  go  before  the  complete  mission  in  civil  or  military  terms  can  be  completed  with 
I.N.  as  the  only  navigation  aid.  In  terms  of  en -route  navigation,  hybrid  I.N.  systems  are 
likely  to  have  art  important  role,  both  for  long  range  civil  aircraft  and  for  military 
maritime  reconnaissance.  In  the  terminal  area  and  landing  phase,  and  for  weapon  aiming 
purposes,  specialised  aids  will  in  any  case  be  employed  and  there  are  many  potential  advan¬ 
tages  in  closely  Integrating  these  aids  with  I.N.  The  ability  of  the  digital  computer, 
using  techniques  such  as  Kalman  filtering,  to  make  optimum  use  of  the  available  sensors 
at  each  stage  of  the  mission  would  appear  to  make  this  approach  the  ideal  means  of  mech¬ 
anising  hybrid  I.N.  systems  in  the  future. 


PERCENTAGE  OF  FLIGHTS  WHERE  ERROR  EXCEEDS 


Fig. 1  Error  distribution  of  an  Inertial  Navigation  systea 


Fig.  2  Doppler  Daaped  Inertia  ayateei 
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NOTATIONS 


(t)  CoorOonnees  de  position 

L.G  latitude  et  longitude  geographiques 

L*,G*  latitude  et  longitude  auxiliaires  dans  le  systene  ayant  pour 

equateur  le  grand  cercle  AB  dont  le  pdle  est  le  Nord*  (Nord  auxlliaire) 

(b)  Parametres  angulaires 

$  angle  que  fait  1’ equateur  auxiliaire  avec  1’ equateur  geograpbique 

angle  que  fait  l'axe  de  reference  OX  de  la  plateforae  avec  la  direc¬ 
tion  du  Nord  geograpbique 

a  angle  que  fait  l‘axe  de  reference  OX  de  la  plateforae  avec  la  direc¬ 

tion  de  1‘Est  auxiliaire  (Reaarque:  r angle  a  est  une  constnnte 
quelle  que  soit  la  route  suivie  pour  aller  de  A  a  B). 


(c )  Vitesse*  et  accelerations  lineaires 


vv, 

v«rvi» 

crc, 

VV8 


coaposantes  de  la  vitesse  sol  horizontals  sur  les  axes  OK  et  OT 
integrates  des  assures  acceleroaetriques 
accelerations  de  Coriolis 

coapoaantes  de  la  vitesse  sol  horizontal*  sur  les  axes  geograpbiques 
vltease  verticals,  coaptee  positiveaent  vers  le  bas. 


(d)  Vitesse*  angulatres  et  taux  ae  precession 


L**.G** 

u 

% 

®ex*  ®oy  °«i 

nvrv.r% 

ft)  Autre*  syboles 
8 

V  *e 

SrSt'VS 


vitesaes  angulaires  tn  latitude  et  longitude  auxiliaires 
vitesse  de  rotation  de  la  terre 
taux  de  bondage  de  Schuler 
taux  de  convergence  des  aerldiens  auxiliaires 
coupensatloos  de  la  ddrive  des  gyros 
taux  de  precession 


angle  que  fait  la  route  suivie  avec  1*  Nord  geograpbique 
rayons  de  eoortoure  prlacipaux  (rapportes  sox  axes  geogratfclques) 
constaotes  de  1' ellipsoids  terrestre: 


*q« 

% 


6  397  580  a 
6  388  900  a 
0.0090388 


=  0.0018783 


ray oo  de  courbure  nonale 


inverse  de  U  torsion  gtodeslque 

altitude  au  dessus  de  l’ellipsoide  de  reference 

rayon  de  courbure  nonale  et  Inverse  de  la  torsion  geodesique 
rapportes  a  1* altitude  h  . 
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NAVIGATION  PAR  INERTIE  SUE  DE  LONGUES  DISTANCES 
B.  de  Creaiers 


1.  INTRODUCTION 

(to  salt  que  1‘  avion  de  transport  supersonique  “Concorde”  sera  equipi  de  systenes  de 
navigation  par  inertie.  Lea  systenes  destines  a  equlper  les  avions  prototypes  sont 
sctuelleaent  construits  par  la  Societe  fran^aise  SAGEM  et  la  Societe  britannique  Ferranti. 
C'est  a  cette  occasion  que  la  Societe  SAGEM  a  eu  la  charge  d’etudier  1’ application  dee 
systenes  a  inertie  a  la  navigation  des  avions  sur  de  longues  distances. 

II  attic  necessaire  de  rechereher  les  neilleurea  solutions  caspatlbles  avec  certaines 
caracteristiques  de  rutilisatlon,  et  notsaaent  lea  sulvantes: 

-  autonoaie  de  la  recherche  du  Nord  avant  1*  envoi,  en  evltant  si  poaalble  le  recours  a 
des  conpensations  ou  calibrations  prealables 

-  navigation  unlveraelle.  c*  est-a-dlre  pouvant  eouvrir  toutes  lea  regions  du  globe,  et 
en  partlculler  las  sooes  polaires 

•  decoupsge  des  routes  auivles  en  treasons  en  nonbre  quelconque.  et  poeslblllte  de 
diversion  en  dehors  de  ces  troofons 

-  econonie  souhai table  des  capacites  du  calculateur  de  bord. 

#  La  oeceaalte  de  la  couverture  des  nones  polaires  a  donee  a  1' etude  soo  point  de  depart: 
en  effet,  un  fooctlonaenent  correct  de  la  platefome  inertielle  loreqoe  1*  avion  savigue 
an  voisinage  du  pftle  exits  que  cette  pleteforee  ne  soit  pas  “asservie  au  Nord'*;  cels  eat 
do  au  (ait  que  le  taui  de  precession  que  1*  on  pent  aatirlel tenant  lui  Inposer  an  tour  de 
l'axe  d'asinut  set  Haiti, 

Die  lore,  la  question  s'est  poses  du  cholx  de  1* orientation  initials  loro  de  l'allgae- 
•eat  de  la  plateforae  avant  1* envoi:  la  recherche  du  Nord  pent  Itre  effectuee  an  effet 
soit  par  la  nithode  clsasique  du  gyrocoapas  soit  par  me  aitbode  de  calcul.  Cest  cette 
dernier#  aethode  qui  a  ate  choisie  et  developpee  afin  d’sa  tirer.  coaae  on  le  varra  plus 
loin,  les  deux  avaatages  priaclpsax  soivaats; 

(a)  Le  node  d'allgaeaeot  eat  uni  me. 

fb)  La  correction  de  la  derive  des  gyros  set  eatreteaue  sans  qs'il  soit  aecaasaire  de 
proceder  a  des  calibrations  perlodiqses. 

Bn  ce  qui  coocerae  la  aavigstioa.  on  a  cholsi  d*  ope re r  tons  les  ealesls  dans  us  aystiae 
de  ooordoaaees  spheriques.  11  eat  appara  ca  effet  «»e  les  esigeaces  de  rutilisatioa  du 
systane  de  savigatloa  aicessi talent  la  alee  ea  place  d*ua  aoyea  de  resolution  de  triangles 
spbdri qaes. 

Cette  resolution  est  operie  par  an  sous -progr ease  du  calculateur  ml  cons ti toe  ea  ales 
teems  see  eat  rice  de  transformation  de  coordoaeiee  spheriques  quelcoaqees.  CM  a  done 
cons  ids  re  que  le  passage  <Tua  syateew  de  cnordoaaeea  spheriques  a  as  aatre  est  use  opera* 
tioo  haaalc  effectuee  sur  appel  du  sous*progranae.  et  que  le  aaabre  de  systenes  de  cout  - 
doaaeea  spberlqur*  anti  Hal  res  util  Isis  a' est  pas  Haiti.  Des  lore,  les  cal  cels  de  navi- 
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gation  pe uven t,  en  toutes  circonstances,  y  coapris  dans  les  zones  polaires,  fctre  effectues 
dans  un  systeae  de  coordonnees  shperiques  auxillaires  convenableaent  choisi,  et  cela 
tou Jours  de  la  aeae  fa^on.  Ainsi  n' y  a-t-il  qu’un  seul  node  de  calculs  de  navigation,  et 
la  aeaoire  d' instructions  du  calculateur  s’en  trouve  allegee. 

Fn  rdsuae,  le  systeae  de  navigation  a  inertie  qui  a  ete  etudie  en  vue  de  son  utilisation 
sur  de  longues  distances  est  caracterise  par  le  fait  reaarquable  qu’il  ne  coaporte,  en  ce 
qui  concerns  les  calcuis,  que  deux  nodes  d’ operation:  un  node  aligneaent  et  un  node  navi¬ 
gation. 

La  description  de  ces  nodes,  ainsi  que  leurs  avantages  et  leurs  particuiarites  font 
l’objet  des  psragrapbes  qui  suivent. 


2.  MODE  ALIGNMENT 
2. 1  Description 

La  plateforae,  ou  plus  exacteaent  le  coeur  de  la  plateforae,  n'est  pas  asservi  au  fiord, 
en  partlculier,  lors  de  la  aise  en  route,  son  orientation  en  aziaut  est  quelconque.  et 
eat  aalnteooe  fixe  a  sa  valeur  initiale  pendant  1' aligneaent  de  la  plateforae. 

On  adaet  que  le  calculateur  connalt  la  latitude  du  lieu,  et  a  conserve  en  aeaoire  les 
valeurs  des  derives  proptres  des  gyr^s  aesurees  anterieureaent  (d10,dy0.  >  * 

A  la  aise  en  route  de  requipeaent,  un  calage  preliainaire  sur  synchros  eat  opere  en 
borlsnntallte.  en  prenant  coaae  reference  roulis  et  tailgate  mils;  d*  autre  part  le  synchro 
de  cap  de  la  plateforae  est  recople  par  un  repetlteur. 

Apres  chauffage  coavenable  et  aise  en  route  dea  gyros,  le  repeti ttur  do  cap  plateforae 
eat  iaaoblliae.  le  calculateur  iapose  aux  gyros  lea  taux  de  precession  suivanta; 

•  d|0  aur  le  gyro  de  verticale  Ox  dont  l’axe  d' entree  fait,  avec  le  aeridien.  un 

»igl*  v  . 

•  d,0  sur  le  gyro  de  verticale  Qy  dont  l'axe  d*  entree  fait,  avec  celui  du  gyro 

Gx  .  un  angle  de  *:2  . 

-  H  aia  L  •  d|0  sur  le  gyro  d‘ aslant  Ga  . 
tr  autre  part,  les  houclages  suivaata  toot  ope  res 

(a)  {n  tortiMidiit 

L* accelerawir*  As  eat  boucie  aur  le  gyro  Gy  ,  et  Incceleroaetrv  Ay  sur  It 

gyro  Ga  .  aeloa  le  diatrsas*  <1«  princ  ipe  de  la  Figure  i.  Lee  par  as  vt  re*  de  ces 

faoaclee  soot  choisi*  pour  leur  dosser  use  period*  aaturell*  de  1’ordre  d*  t  a i antes 
et  an  aaortisseaent  de  I'ordr*  de  (j,t. 

11  eat  facile  d*  aoatrer  qa'a  la  position  d*  squill  hr*.  la  aortic  de  1  tecelerasetr* 
Aa  est  anil*  et  la  sortie  de  I* lotegrmteur  ease re  la  viteaae  aagulair*  senile  par  le 
gyro  Gy  .  c* aat-a-dire  la  aoaaa  de  la  coapoaaai*  de  la  rotation  t*rr»etr*  tar  son  aa* 
d’eatree  et  d'uae  derive  propre  residue  11#  d,  (difference  eatre  la  derive  propre 
actual  le  et  la  dirlve  coapeaMc  eatericu reseat  dj0  ,  c*  est-a-dlre  Ddrive  de  Joar  a 
Jour"). 

La  poaitloa  d'eqai  litre  des  toaclee  d’horixoatalit*  est  deriaie  par  lea  relatioas 
saivaates: 
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fc«  =  o 


-w  cos  L  sin  f  +  d. 


fry  =  0 

-U*  =  0  cos  L  cos  if  ♦  dj  . 

D’ autre  part  le  calculateur  effectue  les  operations: 

f,  =  -arc  tg  (Uy/tix) 

d,  =  /fUi*  ♦  Uy2)  -  n  cos  L 
=  +  d4  cos 
dy ,  =  -  d,  sin  *  j  . 

Ces  rtsultats  oat  la  signification  suivante:  f,  eat  la  valeur  de  1* angle  que 
fait  avec  le  aerldien  la  direction  OX  de  la  platefome.  A  une  erreur  pres  e  ,  doot 
le  calcul  est  indlque  dans  1*  annexe,  et  dont  la  valeur  prdvislble  est  pratiqueaent 
egale  au  rapport  de  la  derive  de  jour  a  jour  des  gyros  de  verticals  a  la  coaposante 
horizontal*  de  U  rotation  terrestre.  dt  est  la  valeur  de  la  derive  de  jour  a  Jour 
des  gyros  de  verticals,  en  projection  sur  Tax*  ON.  et  constitue  done  un  test  de 
coofiance  dans  les  gyros. 

dXI  et  d_ ,  soot  les  temes  coapleaentairea  de  coapensatioo  qo’  il  faut  aj outer 
respectiveaent  a  dJ0  et  d,,  pour  annuler  la  coaposante  fiord  de  la  derive  dea  deux 
gyros  de  vertical*. 

fto )  En  m taut 

La  liaison  synchro  d*  cap  pleteforae  eur  le  repetiteur  iaaobilis#  est  booclee  sur 
le  gyro  d’ssiaut  selon  1*  diagraase  de  principt  d*  la  Plgure  2.  Lea  paraaktrea  de 
cette  boucie  aonv  eiwisU  pour  lui  douaer  use  periode  nature  lie  de  1‘ordre  de  6  aiautee 
et  un  aaortiaseaent  dt  1'ordre  de  0,7. 

A  le  position  d  equllibre.  la  sortie  de  I’istcgrateur  aesure  la  derive  de  jour  a 
Jour  dg  j  du  gvro  Gs  . 

t  t  «ede  operate! r* 

In  aode  operatotr#  ooraat.  le  ayrtiaae  est  place  »fl  "Allgnenent"  apras  une  sequence  auto- 
antique,  realiaant  le  cheuffage  de  la  plateforae.  le  catage  preliatnaire  sur  synchros,  et 
Is  else  en  route  des  gyros. 


Aprea  6  ainotes  environ  d*  ronctionneaaot  sur  le  sods  align  want.  le  calculateur  presente 
tea  reealtate  sur  dea  afficMget  appropries: 


-  le  sap  te  r  avion  C  fobtenu  par  difference  te  “Cap  piatefomeH  Cp  .  delivre  par 
eon  synchro.  et  te  Tangle  calcul*  C  =  cp  -  v,  ), 

-  le*  derives  de  jour  a  Jour  tes  gyros  d,  et  dtl  . 

Le  pilot*  est  tiers  ea  aemre  te  porter  use  spprecistioc  ear  1*  fcactlonseeant  du  sys- 
teae.  la  effet,  1*  cap  C  peat  ttr*  iaaddiaiaaeat  coapare  as  cap  aagsetiqu*.  ea  tenant 
coapte  te  la  dec lisnl son  locale;  d'astr*  part,  les  derives  affichees  d,  et  d,, 
doiveat  lire  iaferleures  asa  tolerances  edalses  poar  Us  derives  te  joar  a  joar. 
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Lors  du  passage  en  mode  “Navigation"  les  valeurs  des  teraes  dxl  ,  dyl  et  d21  seront 
automat iqueou-'it  prises  en  compte  par  le  calculateur  pour  la  mise  a  jour  des  termes  dxc  , 
dy0  .  <*2.0  conserves  en  memoire. 

Si  le  pilote  dispose  d’un  temps  suffisant,  il  pourra,  au  lieu  de  passer  cn  mode 
•"Navigrtion”,  "repeter"  le  mode  alignement.  L‘ ordre  de  repetition  declenche  les  opera¬ 
tions  sui. antes: 

-  les  teimes  dxl  ,  dyl  et  d2.  sont  pris  en  compte  par  le  calculateur, 

-  la  plateforme  est  decalee  de  90°  en  azimut  (en  imposant  au  gyro  d’azimut  une  pre¬ 
cession  rap<de). 

-  un  nouvel  alignement  est  opere. 

Ls  calculateur  elabore  les  nou'.eaux  resultats: 

r}  -  -arc  tg  (Uy/l'x) 

dj  =  v(Ux*  +  Uy2)  -  fi  cos  L 

dx2  -  d2  cos  y2 


t'es  nouveTAix  resultats  ont  la  signification  suivante:  i/-2  est  la  valeur  de  1’  angle  que 
fait  avec  le  meridien  la  direction  OX  de  la  plateforme;  mais  il  n’ y  a  plus  d’erreur  e  , 
la  rtc.we  dj  ayant  ete  corrigee  d2  est  la  valeur  de  la  derive  de  jour  a  jour  des  gyros 
de  verticale,  en  projection  sur  1’ axe  ON,  et,  du  fait  de  la  rotation  de  9CP,  on  a 

d  i  *  ^2  =  ^  +  • 

dx2  et  dy2  sont  les  termes  comp lementai res  qu'il  faut  ajouter  respectivement  a  dxl  et 
dyl  pour  annuler  totalement  'a  derive  des  deux  gyros  de  verticale. 

Ce  mode  peut,  bien  entendu,  etre  repet6  a  nouveau,  la  plateforme  etant  placee  en  aligne¬ 
ment  apres  des  oecalages  successifs  de  90 P.  L' observation  du  cap  alcule  et  des  mesures 
successives  des  derives  d  et  dz  qui,  a  partir  du  troisieme  alignement  doivent  etre 
nulles,  ou  inferieures  aux  tolerances  admises  pour  les  derives  a  court  terme,  constitue  un 
test  de  bon  fonctionnement  au  sol,  le  delai  n^cessaire  pour  passer  en  mode  navigation  etant 
toujours  au  plus  egal  a  la  duree  minimum  d' un  alignement  (10  minutes  environ). 

2. 3  Avantages 

La  methode  d’ alignement  prece'demment  decrite  possede  un  certain  nombre  d’  avantages 
remar  quables: 

(a)  Il  n’y  a  qu’un  seul  mode  d’ alignement.  il  en  re'sulte  une  simplicity  des  commutations 
et  des  programmes  de  calcul. 

(b)  L’ orientation  de  la  plateforme  en  azimut  etant  quelconque,  la  connalssance  approxi¬ 
mative  de  la  direction  du  Nord  n'est  pas  necessaire  pour  favoriser  les  conditions 
initiates  de  1’ alignement. 

(c)  Le  mode  alignement  peut  Itre  repete  a  volonte  -  avec  decalage  de  la  plateforme  de 
90°  en  azimut  -  pour  parfaire  la  correction  des  derives  des  gyros,  sans  qu’  il  soit 
necessaire  de  connattre  o  priori  le  delai  dont  on  dispose;  le  delai  necessaire  pour 
passer  en  mode  navigation  est  toujours  au  plus  egal  a  la  duree  minimum  d’un  aligne¬ 
ment. 
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(d)  La  repetition  du  mode  alignement  constitue  le  meilleur  test  de  fonctionnement  au 
sol. 

<e)  en  mode  operatoire  normal,  comportant  un  seul  mode  alignement,  la  correction  de  la 
derive  des  gyros  est  entretenue  par  le  fait  du  caractere  eleatoire  de  1' orientation 
de  la  plateforme  en  azimut,  lors  des  raises  en  route  successives.  II  en  resulte 
qu'il  n’y  a  pas  lieu  de  faire  une  revision  periodique  de  la  compensation  des  gyros, 
•-elle-ci  etant  entretenue  par  1' utilisation  op^rationuelle  du  systeme. 


3.  NODE  NAVIGATION 

3. 1  Description 

3.1.1 

La  methode  utilisee  pour  le  mode  navigation  repose  sur  deux  idees  de  base  qui  ont  ete 
inspirees  par  les  conditions  norraales  d’ utilisation: 

(a)  La  premiere  idee  de  base  est  que  F  avion  a  1’  intention  d’aller  d'un  point  origine 
A  u  un  point  de  destination  B,  en  suivant  un  arc  de  grand  cercle,  et  qu’il  importe 
autant  de  connaltre  a  tout  instant  la  positiou  par  rapport  a  ces  points  -  c’est-a- 
dire  l’ecart  lateral  par  rapport  a  la  route  a  suivre,  et  la  distance  du  point  de 
destination  -  que  la  position  exprimee  en  latitude  et  longitude  geograpbi ques . 

Cette  notion  raontre  que  le  systeme  est  oriente  vers  la  fonction  ’Iguidage”  de  1’ avion, 
plutot  que  vers  la  seule  fonction  de  “navigation”,  cette  derniere  pouvant  se  reduire 
a  la  connaissance  de  la  position  presente,  de  la  route  actuelle  et  de  la  vitesse 
sol. 

II  faut  ajouter  que  les  points  A  et  B  sont  definis  par  leur  latitude  et  longitude 
geographiques,  qu’ils  sont  en  nombre  quelconque,  ie  plan  de  vol  pouvant  comporter 
un  grand  nombre  de  tron^ons  successifs,  et  que  leurs  coordonnees  sont  soit  conservees 
en  memoire  dans  le  calculateur,  soit  introduites  manuellement  a  volonte;  enfin,  la 
position  presente  peut  en  outre  etre  choisie  comne  point  origine  pour  une  destination 
quelconque. 

(b)  La  deuxieme  idee  de  base  est  que  Fare  de  grand  cercle  AB  etant  choisi  comrae  equa- 
teur  d’un  systeme  de  coordonne'es  spheriques  auxiliaires,  les  calculs  de  navigation 
seront  toujours  effectues  en  totalite  dans  ce  systeme,  y  compris  les  integrations 
n^cessaires  a  la  connaissance  de  la  position,  la  latitude  et  la  longitude  geographi¬ 
ques  etant  obtenues  finalement  par  transformation  de  coordonnees.  Cependant,  on 
calcule  les  composantes  Nord  et  Est  de  la  vitesse  sol  afin  d’en  de'duire  la  route 
suivie,  element  utilise  a  titre  d’  information,  et  non  comrae  parametre  de  guidage. 

3. 1.2 

Pour  raieux  d^crire  les  equations  du  mode  navigation  qui  sont  traitees  par  le  calcula- 
teur,  il  faut  tout  d’abord  preciser  ce  que  l’on  attend  des  sorties  du  calculateur: 

(a)  Conduite  de  la  plateforme 

La  calculateur  devra  fournir  les  taux  de  precession  a  imposer  aux  gyroscopes  de 
la  plateforme  afin  d’une  part  de  mairtenir  celle-ci  horizontale  et  d’  autre  part  de 
la  faire  precessionner  en  azimut  a  un  taux  egal  a  celui  de  la  rotation  du  raeridien 
auxiliaire  (grand  cercle  joignant  la  position  presente  au  p&le  de  l’arc  AB). 

(b)  Conduite  de  l 'avion 

Le  calculateur  devra  fournir  les  coordonnees  de  position  de  1’ avion  par  rapport 
a  Fare  AB  a  parcourir,  ainsi  que  la  transformation  de  ces  coordonnees  en  latitude 
et  longitude. 
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Le  calculateur  devra  fournir  en  outre  divers  facteurs,  fonctions  de  la  position 
presente,  necessaires  a  1‘  6  laboration  des  taux  de  precession  de  la  plateforme, 
ainsi  que  la  route  suivie. 


3. \  J 

Les  equations  traitees  par  le  calculateur  sont  explicitees  dans  les  Figures  3  et  4. 

On  remarquera  que  la  charge  de  travail  du  calculateur  a  ete  repartie  en  deux  groupes: 

(a)  un  groupe  de  calculs  est  opere  a  frequence  rapide,  soit  10  H2;  ces  calculs  sont 
tous  des  calculs  de  vitesses  :  vitesse  horizontale,  taux  de  bouclage  des  boucles 
de  Schuler,  vitesses  angulaires  en  latitude  et  longitude  auxiliaires,  convergence 
des  meridiens  auxiliaires.  taux  de  precession  a  i-iposer  aux  gyros  de  la  plateforme. 

(b)  l'autre  groupe  de  calculs  est  opere  a  frequence  lente;  une  frequence  de  0,25  Hz 
serait  suffisante,  mais  la  capacite  du  calculateur  autorise  en  fait  une  frequence 
de  2  Hz.  Ces  calculs  sont  surtout  des  calculs  de  position  pr^sente  et  de  facteurs 
fonctions  de  la  position  presente  (fonctions  sinus  et  cosinus  de  la  latitude  auxi- 
liaire,  de  la  latitude  geographique,  de  1’ angle  y  de  reference  de  la  plateforme 
par  rapport  au  Nord,  rayon  de  courbure  et  torsion  de  la  trajectoire  engendree  par 
le  vecteur  vitesse  horizontale).  On  y  ajoute  le  calcul  des  accelerations  de 
Coriolis,  ainsi  que  celui  des  compos&ntes  Nord  et  Est  de  la  vitesse  afin  seuleuient 
d* en  deduire  la  route  suivie. 

3. 2  Remarques 

3.2.1  Definition  de  la  navigation  sur  un  arc  de  grand  cercle 

Comme  on  l’a  dit  plus  haut,  les  calculs  de  navigation  sont  effectues  dans  un  systeme  de 
coordonne'es  sphe'riques  dont  l’equateur  est  le  grand  cercle  de  la  route  a  suivre.  II  est 
interessant,  a  ce  sujet,  de  faire  une  remarque  sur  la  signification  des  equations  utilisees. 

La  loi  de  guidage  de  1’ avion  sur  le  grand  cercle  a  suivre  peut  s’ ecrire  tres  simplement 
sous  la  forme 


0  . 


O) 

soit  —  =  -tga  ,  a  etant  une  constante  caracterisant  le  grand  cercle  a  suivre. 

"y 

Si  on  se  roporte  aux  equations  du  bouclage  de  Schuler  qui  font  apparaitre  que  cox/ay 
est  different  de  -Vy/Vx  en  raison  de  la  presence  du  terme  de  torsion  geodesique,  on  en 
deduit  que  l’arc  dont  la  tangente  est  *Vy/Vx  est  non  pas  une  constante,  mais  une  variable, 
c’est-a-dire  que  le  "Cap  plateforme”  n’est  pas  constant. 

II  s’ensuit  que  la  loi  de  guidage  adoptee, 

=  0  , 

est  l^gerement  differente  de  la  loi.  familiere  aux  navigateurs,  selon  laquelle  la  route 
orthodromique  est  suivie  en  maintenant  a  une  valeur  constante  le  cap  fourni  par  un  systeme 
conventionnel  de  reference  gyroscopique  directionnelle  (corrige  de  la  rotation  terrestre 
et  non  de  la  convergence  des  meridiens). 

On  a  calcule  que  la  difference  entre  ces  deux  lois  se  traduit  par  un  ecart  lateral  de 
6  nautiques  environ  sur  le  parcours  Paris  -  New  York,  et  un  ecart  negllgeable  le  long  de 
la  route. 
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.1?  ?  Navigation  sans  Destination 

Cn  a  dit  qu'une  des  idees  de  base  qui  ont  servi  a  1' etablissment  des  equations  de  la 
navigation  est  1' intention  d’allcr  d’un  point  A  a  un  point  B.  Or,  il  est  tres  concevable 
ega.ement  de  prendre  l’air  sans  qu'une  destination  soit  a  priori  imposee. 

fcn  ce  cas,  on  ehoisira  comme  destination  arbitraire  un  point  quelconque  da  meridien 
origin*;,  le  pole  Nord  pour  plus  de  simplicity,  ce  qui  revient  &  adopter  un  systeme  de 
coordonnees  spheriques  auxiliaires  dont  le  meridien  origine  est  l’equateur. 

Compte  tenu  du  fait  que  la  convergence  des  meridiens  de  ce  systeme  auxiliaire  est 
toujours  entretenue,  il  sera  possible  de  naviguer  sans  destination  dans  toute  la  zone 
comprise  entre  les  paralleles  auxiliaires  ±  60°  c’est-a-dire  au  moins  jusqu’a  3600 
nautiques  du  point  de  depart.  Avant  que  cette  distance  soit  atteinte,  il  est  plus  que 
probable  qu’une  destination  aura  pu  etre  choisie  et  qu' ainsi  on  aura  pu  adopter  un  autre 
systeme  auxiliaire  ayant  pour  equateur  le  grand  cercle  joignant  la  position  prEsente  a 
1’ instant  du  choix,  a  la  destination  choisie. 

3. 3  Avantages 

La  mdthode  utilisee  pour  le  mode  navigation  presente  les  avantages  suivants: 

(a)  Le  mode  navigation  est  universel.  Les  calculs  sont  en  effet  toujours  les  memes, 
quelles  que  soient  les  destinations  ou  les  regions  survolees,  y  compris  les  zones 
polaires. 

(b)  Du  fait  de  1' unicity  du  mode  navigation,  le  programme  d’ instructions  du  calculateur 
est  allege;  il  l'est  d’ autant  plus  que  le  sous -programme  de  transformation  du 
coordonnees  spheriques  est  en  outre  utilise  a  d’ autres  fins. 


4.  CONCLUSION 

On  a  montre  brievement  pourquoi  et  comment  un  systeme  de  navigation  a  inertie  a  ete 
con9u  en  vue  de  son  utilisation  sur  de  longues  distances. 

Les  avantages  au  systeme  decrit  sont  msnifestes;  les  deux  seuls  modes  d’ operation 
sont 

-  le  mode  alignement,  qui  permet,  outre  sa  fonction  principale,  d’ entretenir  la  correc¬ 
tion  de  la  derive  des  gyroscopes,  rendant  ainsi  inutiles  les  calibrations  periodiques, 

-  le  mode  navigation,  qui  non  seulement  permet  de  couvrir  de  fa9on  universelle  toutes 
les  regions  du  globe,  mais  aussi  est  particulierement  bien  adapts  a  la  fonction 
"guidage”  de  1’ avion. 

Il  faut  ajouter  qu’un  tel  systeme  n'a  pu  etre  con^u  qu’en  faisant  appol  a  l’aide 
puissante  d’un  calculateur  numerique  dont  le  r&le  est  evidemment  primordial,  tant  dans  la 
recherche  du  Nord,  lors  de  1' alignement,  que  dans  1’ Elaboration  des  signaux  de  guidage 
lors  de  la  navigation. 


La  derive  dx  du  gyro  Gx  est  equivalente  a  un  vecteur  rotation  dx  porte  par  OX  ; 
de  meme  la  derive  du  gyro  Gy  peut  etre  representee  par  le  vecteur  dy  porte  par  OY  . 

La  resultante  de  dx  et  dy  ,  ajoutee  au  vecteur  Q  cos  L  porte  par  ON  donne  la 
direction  du  Nord  apparent  0Nt  avec  lequel  1’ axe  OX  fait  Tangle  'Pl  defini  par 

-  -arc  tg  (UyA'x) 

avec  -Uy  =  -fl  cos  L  sin  ^  +  dy 

-Ux  -  fi  cos  L  cos  ^  +  dx  . 

En  projection  sur  l'axe  QN1  perpendiculaire  a  0Nt  ,  la  resultante  du  vectuer 
a  pour  valeur 

dx  sin  +  dy  cos  ^  . 

L’  angle  £  ,  angle  que  fait  le  Nord  apparent  avec  le  Nord  vrai,  est  un  petit  angle,  et  on 
peut  ecrire 


i 


27 


e  _  dx  sin  +  dT  cos  \fii 
Cl  cos  L 

a  trojectia,  Sur  vm  ON,  ,  1.  rfalutte  *  wctwr  ?  t  ^  ,  wr  „Je„ 

di  =  dx  008  V'i  *  dy  sin 

dont  une  autre  expression  est,  pour  e  petit, 

di  =  / (Ux2  +  Uy‘)  -  n  cos  L  , 


Pis.  1  Boocles  d'allsnearat  en  horizontal  it«* 


Potion  9*ogrophiQu#  L*  ,  G  * — ♦l  I* -^.a.Go.Go 


Best  Available  Copy 


Fig. 3  Groupe  de  calculs  k  frequence  rapide 
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SU1MAIY 


Hie  advent  of  inertial  navigation  systems  is  approaching  its  teentieth 
anniversary  and  during  tbis  period  major  emphasis  has  been  placed  on  per¬ 
formance.  Ibis  has  required  the  design  and  manufacture  of  equipment  in 
■hich  performance  has  been  the  dependent  variable  to  be  maximized.  In  many 
instances,  state  of  the  art  designs  sere  needed  on  almost  a  continuous  basis. 
It  is  the  contention  of  tbis  pap*r  that,  ehile  performance  should  be  given 
prime  emphasis,  the  economics  of  using  inertial  navigation  equipment  shcild 
also  be  given  serious  consideration.  The  Air  Force  previously  bat  fostered 
the  joint  cost -performance  approach  through  the  establishment  of  bttsebaent 
1  of  the  AF  Avionics  Laboratory  at  Holloman  AFB.  Nee  Mexico, along  »ith  tther 
stimuli  to  the  various  potential  contractors  for  inertial  navigation  systems. 
Home  members  of  the  industrial  inertial  community  noe  are  consisting  the 
use  of  their  equipment  from  not  only  a  performance  but  from  also  t  coat 
totality  aspect.  For  many  years,  over-simplified  expressions  enre  applied 
to  determine  system  acceptability  -  acceptable  or  non-acceptsMe  -  with  little 
regard  to  system  relisbility.  Consequently,  ahat  can  easily  happen,  and  shat 
has  happened  in  the  past,  is  that  shipments  mhlcb  appear  erv  .  tractive 
from  an  initial  cost  standpoint,  can  require  significant  funding  u.  support 
of  operational  use.  This  paper  supports  the  need  far  a  total  performance 
(including  reliability  and  maintainability)  cost  •<-,( -osnershlp  approach 
toward  inertial  navigation  ays ten  design  and  selection.  *u  addition,  a  con¬ 
cept  entitled  COR  •  an  acronym  for  Oost-of-Oauershlp  Performance  u  pres¬ 
ented.  defined  sod  spplisd  to  inertial  navigation  system  design  and  selection. 
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C08T-0F-0RNERSRIP  PHILOSOPHY 
APPLIED  TO  INERTIAL  NAVIGATION  SYSTEHS 

V.  J.Laubendorfer.  R.V.Plink  sod  E.J.DeNezza 


1.  INTRODUCTION 

Hob  should  s  user  procure  inertial  equipment  to  provide  the  beet  eoablnetlco  of  economy 
end  performance’  Without  question  the  eppllestioa  of  teo  disciplines  is  necessary,  the 
ell  too  fislilar  state-of-the-art  with  regard  to  performance  sod  the  less  familiar  state* 
of -the -economy  »iU>  respect  to  cost,  for  naoy  years  these  teo  disciplines  sere  applied  fay 
first  determining  technical  acceptability  and  then  the  loe  bidder  with  respect  to  acquisi¬ 
tion  coat.  It  is  our  contention  that  this  procurement  philosophy  la  an  overs lmpl if led 
application  of  these  teo  disciplines.  All  too  often  this  procurement  philosophy,  when 
applied,  has  resulted  in  the  Air  Porte  buying  equipment  which  appeared  very  attractive 
from  an  initial  coet  standpoint  but  required  excessive  funding  for  operational  support. 

He  nope  to  sho*  that  the  Technical  Acceptability  *  Loe  Didder  philceophy  should  ha 
replaced  by  a  ear*  coapreheniiv*  perf create*  Coe? -of -Ownership  philceophy.  In  ee nance, 
«e  maintain  that 

ft)  The  state  -of -the -tr*  with  regent  to  perforsance  seat  include  not  only  ac  cured  mi, 
reaction  tts»e*.  poser,  weight,  sine,  etc,  but  reliability  and  Maintainability. 

(U)  The  state -of -the -economy  with  respect  to  cost  euat  imlude  not  ,'nly  laltlal  costa 
hut  eanpina  user  coet  or  coet-of-ounerehip. 

•»  hope  to  develop  end  combine  those  disciplines  i*to  a  quantitative,  usable  tool  that, 
if  appliad  at  program  start,  will  sot  only  provide  a  evens  of  selactlag  the  best  system, 
but  will  he  an  instrument  for  efficient  and  effective  design. 


R.  TECHNICAL  ACCEPTABILITY  -  Lit  •!»»*«  PHIlgbiPRY 

Ail  too  oftaa,  once  a  system  la  considered  technically  acceptable,  it  generally  it  pro¬ 
cured  from  the  loueet  Udder. 

To  illustrate  shut  may  happen,  let  us  consider  the  following  hypothetical  ritual  ice 

Inertial  Hyetcme  A  end  I  are  cemaidered  tecamicaUy  acceptable  and  character?  ved 
by  Table  t 


TAELS  I 


&stre  4 

B 

Acguieitiom  oomt  <S) 

VT.Vtt 

IOC.  ODD 

Inertial  Heaserlag  Da  it  (HD)  coat  it) 

15,000 

40. 000 

no  HUP  (hoars) 

no 

400 

(Thin  dees  net  ieclede  any  prorated  coats  for  tooling, 
spores  administrative  support .  inventory,  etc.). 

tralalag. 
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Under  the  aforementioned  procurement  philosophy,  the  user  would  probably  procure 
inertial  System  A.  Cn  the  surface,  this  appears  to  be  a  reasonable  choice.  However,  let 
us  analyze  this  decision  with  a  very  simple  cost-of-ownership  model  using  the  IMU. 

Assume : 

(i)  An  aircraft  utilization  rate  of  20  hours  per  week. 

(ii)  A  depot  repair  cost  of  $8,000  per  IMU  (System  A)  and  $9,000  per  IMU  (System  B). 

(iii)  A  depot  repair  cycle  for  both  IMUs  of  ten  weeks. 

(iv)  A  base  repair  cycle  (pipeline  time*)  for  both  IMUs  of  two  weeks. 

(v)  A  depot  (base  repair  ratio  of  2:1  (i.e.  for  every  three  IMU  failures,  two  are 
repaised  at  the  depot  and  one  on  the  base). 

Table  II  summarizes  the  results  of  Figure  1. 


TABLE  II 


Syste.v  .4 

System  B 

No. 

of  IMU’ s  required  for  1  aircraft 

3 

2 

No 

of  depot  rept  .rs  (1  yr) 

5 

2 

(3  yr) 

15 

5 

Computing  cost  of  ownership  in  this  moael  as 

C.O.  =  (Cost  per  IMU  <  No.  IMUs  required)  +  (No.  of  Depot  Repairs  *  Cost  of 
Depot  Repairs)  , 

the  cost-of -ownership  versus  years  of  service  is  shown  in  Table  III. 


TABLE  III 


Years/M! 

A 

D 

1 

$145,000 

$114,000 

3 

$225,000 

$141,000 

Thus,  when  translated  into  the  meaningful  terms  of  user  costs,  the  selection  of  System 
A  indeed  becomes  the  poorer  economic  selection.  Further  analysis  of  the  IMU’s  utiliza¬ 
tion,  as  presentf  i  in  Figure  2,  shows  the  number  of  systems  required  increases  with  air¬ 
craft  use  rate.  It  is  of  interest  to  note  that  if  the  depot/base  repair  ratio  is  chrnged 
incrementally  from  1:1  and  then  finally  all  depot,  the  net  result  is  that  the  same  number 
of  IMU’s  is  required;  however,  the  margin  of  availability  is  significantly  decreased. 

The  margin  of  availability  is  defined  as  the  number  of  system  weeks  a  spare  IMU  is  avail¬ 
able  prioi  to  an  in-use  IMU  failure.  For  the  all-depot  case,  the  margin  of  availability 


Pipeline  time  is  defined  as  the  elapsed  time  to  repair  defective  equipment,  including  transporta¬ 
tion  time. 
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is  approximately  two  system  weeks.  For  the  2:1  case,  the  margin  varies  from  8:5  system 
weeks  to  two  system  weeks.  The  user  must  determine  the  acceptability  of  this  margin. 

The  above  analysis,  while  hypothetical,  is  based  upon  realistic  data  on  repair  cycles, 
repair  costs,  depot/base  repair  ratios,  etc.  and  we  feel  it  clearly  illustrates  the 
limitations  of  the  technical  acceptability-low  bidder  procurement  philosophy. 

We  propose  that  technical  acceptability  be  replaced  by  total  performance  fi.«?.  include 
WIBF,  maintainability,  etc.)  and  that  serious  consideration  be  given  to  the  elimination 
of  the  low  bidder  philosophy  in  favor  of  a  low  cost-of -ownership  philosophy.  We  advocate 
this  philosophy  not  only  for  selection  but  for  the  design  of  future  inertial  navigation 
equipment.  This  approach  would  result  in  the  identification,  collection  and  analysis  of 
all  costs  from  equipment  design  inception  to  obsolescence  and  phase  out.  The  need  for 
selecting  equipment  on  this  basis  is  acute. 


3.  PERFORMANCE  -  COST-OF-OWNERSHIP  PHILOSOPHY 

It  is  now  necessary  to  present  in  more  specific  terms  what  we  feel  should  be  considered 
as  part  of  performance  and  cost -of -ownership. 

3. 1  Performance 

There  are  many  specifications  which  can  be  applied  to  the  procurement  of  equipment. 
Probably  these  specifications  increase  in  direct  proportion  to  equipment  complexity  and 
environmental  use.  Should  it  be  required  to  procure  a  sphere  of  7075  T6  aluminum,  measuring 
three  inches  in  diameter  with  a  sphericity  of  5C  u"  at  72°F  having  a  16  u"  r.m.s.  finish, 
the  possible  specifications  are  few.  The  requirements  have  been  specified  fully  and  can 
be  demonstrated  adequately  by  available  measuring  equipment.  But  notice  that  no  require¬ 
ments  have  been  stipulated  for  any  aspect  of  time  or  for  use  in  any  environment.  A  pro¬ 
curement  as  simple  as  this  one  appears  would  become  significantly  complex  should  a  time 
and  environmental  aspect  be  included.  When  a  user  desires  to  procure  equipment  as  complex 
and  expensive  as  an  inertial  navigation  system,  the  specifications  are  many  and  equally 
complex.  The  specifications  are  either  the  complete  responsibility  of  the  supplier  nor 
the  user.  However,  there  must  be  a  beginning.  It  must  start  with  the  user,  who  must  be 
in  a  position  to  describe  in  intelligible  terms  his  performance  needs  ahd  economic  require¬ 
ments.  It  is  here  that  realistic,  achievable  MBTF  and  maintainability  requirements  must 
be  specified.  His  performance  needs  should  not  be  directed  toward  the  best  obtainable, 
but  rather  toward  that  which  is  sufficient  for  the  task  at  hand  when  a  reasonable  growth 
factor  is  applied.  This  requires  personal  judgment  which  must  be  based  on  experience  and 
judiciously  applied.  Furthermore,  the  method  of  demonstrating  performance  characteristics 
must  be  included  with  performance  models  and  mechanizations.  Certainly  this  places  a 
significant  technical  burden  on  the  user,  but  that  is  exactly  where  it  belongs. 

3.2  Cost-oi -Ownership 

The  assignment  of  cost  items  is  more  complex  and  one  in  which  significant  latitude  can 
be  expected  unless  meticulously  defined  and  continuously  controlled.  This  area  is  prob¬ 
ably  more  of  a  joint  effort  between  user  and  supplier.  While  specific  cost  breakdowns  may 
vary,  we  believe  you  will  agree  that  all  costs  can  be  included  under  four  general  cate¬ 
gories:  materials,  people,  facilities  and  transportation.  This  costing  should  follow  a 
‘^cradle  to  the  grave  philosophy”  as  indicated  below: 

(i)  Acquisition  costs 

(a)  Research  and  development 

(b)  System  procurement 

(c)  Non-recurring  equipment 


< i i )  Operating  costs 
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(iii)  Maintenance  costs 

(a)  Base 

Materials  -  spares,  aerospace  ground  equipment  (AGE),  etc. 

People 

Facilities 

Training 

(b)  Depot 

Materials  -  spares,  AGS,  AGE  spares,  etc. 

People 

Facilities 

Training 

Transportation. 

The  obvious  question  is  where  and  how  does  the  user  secure  these  cost  figures?  The 
answer  is  that  the  cost -of -ownership  rationale,  if  used  by  the  user  and  supplier  from  pro 
gram  inception,  will  provide  data  and  cost  figures  necessary  for  system  selection.  This 
can  best  be  illustrated  by  considering  the  use  of  cost-of-ownership  in  inertial  system 
design.  We  shall  do  this  in  part,  by  outlining  our  own  history  and  experience  and  the 
cost-of-ownership  techniques  we  have  developed. 


4.  COST-OF-OWNERSHIP  -  PERFORMANCE  IN  DESIGN 

In  1963  the  Air  Force  Systems  Command  expressed  deep  concern  over  the  rising  costs  and 
low  reliability  of  Aircraft  Inertial  Navigation  Systems.  Those  developing  and  delivering 
inertial  navigation  equipment  have  had  to  increase  performance,  due  in  part  to  higher 
performance  aircraft  and  more  severe  operational  requirements.  The  accomplishment  of  iV.is. 
actually  or  theoretically,  has  required  designs  to  oe  advanced  to  the  very  brink  of  the 
state  of  the  art.  In  some  areas,  this  increased  risk  and  complexity  has  resulted  in 
reduced  reliability.  The  Air  Force  concern  has  had  a  multitude  of  results,  one  of  which 
was  the  establishment  of  Detachment  *1,  Air  Force  Avionics  Laboratory,  at  Holloman  Air 
Force  Base,  New  Mexico,  in  July  1963.  This  organization  was  established  for  two  major 
reasons : 

(i)  To  accomplish  the  in-house  design,  development,  fabrication  and  test  of  a  low 
cost  inertial  navigation  system  which  utilizes  the  best  components  available 
without  being  restricted  by  the  walls  of  proprietary  bias. 

(ii)  To  increase  substantially  Air  Force  in-house  capability  in  the  inertial  navigation 
ind  guidance  area2. 

There  are  two  main  ideas  in  (i).  First,  the  equipments  from  different  manufacturers 
are  used  and  integrated  into  an  operable  system.  Second,  the  approach  is  to  low  cost-of- 
ownership,  not  merely  low  cost.  Neither  of  the  foregoing  has  been  accomplished  previously 
for  inertial  navigation  equipment  used  for  military  aircraft.  In  order  to  select  the  best 
components,  the  Detachment  embarked  on  a  subsystem  basis  as  the  only  reasonable  approach 
leading  to  a  correct  selection.  Why  subsystems?  Consider  the  following: 

Mr  Magellan  requires  gyroscopes  for  his  inertial  navigation  system.  He  listens  to 
various  manufacturers  extol  the  advantages  of  their  particular  approach  and  design.  As  a 
result  of  discussions  with  many  manufacturers,  Mr  Magellan  selects  three  gyros  whose 
characteristics  are  summarized  in  Table  IV.  He  quickly  selects  Gyro  B  by  reasoning  that 
its  cost  per  MTBF  hour  is  $5. 0/hr  and  the  cost  for  two  gyros  is  $8000,  as  opposed  to 
$10,000  for  Gyro  A  and  $10,500  for  three  of  Gyro  C.  Further  investigation  uncovers  the 
need  in  Gyros  A  and  B  for  a  redundant  axis  capture  loop  which  Mr  Magellan  determines  will 
cost  $700  with  an  MTBF  of  6000  hours.  Table  V  Is  a  revised  cost  effective  table  showing 
more  of  a  total  approach. 
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TABLE  IV 
Gyro 


A 

B 

C 

Type 

Two -degree - 
of- freedom 

Two-degree  - 
of -freedom 

Single-degree- 
of -freedom 

Performance 

0.01°/hr 

0. 01°/hr 

0.  01°/hr 

Cost  ($) 

5000 

4000 

3500 

MTBF  (hours) 

1000 

800 

700 

Cost/MTBF 

5.0 

5.0 

5.0 

TABLE  V 


Gyro  A 

M7BF  (hours) 
Gyro  B 

Gyro  C 

Gyro  il 

858 

705 

700 

Gyro  *2 

1000 

800 

700 

Gyro  #3 

.... 

... 

700 

Gyro  "subsystem” 

460 

375 

254 

Gyro  A 

COST  ($) 
Gyro  B 

Gyro  C 

Gyro  *1 

5000 

4000 

3500 

Gyro  *2 

5000 

4000 

3500 

Gyro  #3 

.... 

.... 

3500 

Redundant  axis 

700 

700 

.... 

Total 

10,  700 

8,700 

10,  500 

Cost/MTBF  ($/hr) 

23.  1 

23.  1 

45.0 

Next  he  realizes  that  the  output  signal  from  Gyro  B  contains  high  and  undesirable  signals 
at  particular  frequencies,  and  that  various  filters  must  be  added  to  his  servo  loops  at  an 
estimated  cost  of  $90/servo  loop  for  a  total  of  $270,  exclusive  of  assembly  time.  The 
basic  servo  loops  for  Gyros  A  and  B  are  estimated  to  have  an  MTBF  of  4500  hours  which,  with 
the  addition  of  the  notch  filters,  becomes  3200  hours.  The  estimated  costs  for  the  servo 
loops  are  $3500  without  filters  and  $3770  with  filters.  Similar  values  for  Gyro  C  require¬ 
ments  were  estimated  to  be  a  cost  of  $2750  with  an  MTBF  of  5000  hours.  Another  revision 
shows  the  values  in  Table  VI. 
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TABLE 

VI 

Gyro  A 

Gyro  B 

Gyro  C 

Cost/MTBF 

33.9 

37.3 

59.3 

Additional  thought  on  Mr  Magellan’s  part  coupled  with  subsequent  tests  by  manufacturers 
A  and  B  provides  the  data  of  Table  VII. 


TABLE  VII 


Gyro  A 

Gyro  B 

Temperature  sensitivity 

0.  l°/hr°F 

0.  01°/hr°F 

In  order  to  maintain  adequate  system  performance  using  Gyro  A,  a  temperature  control  of 
better  than  0. 05°F  is  required  in  order  to  reduce  this  error  source  to  50%  of  the  specifi¬ 
cation  value.  This  is  translated  into  a  cost  differential  of  $1000  and  a  lower  MTBF.  The 
cost/MTBF  between  Gyro  A  and  Gyro  B  is  reversed,  and  Mr  Magellan  reflects  on  his  original 
decision.  This  line  of  reasoning  can  be  continued  to  the  level  of  detail  necessary  to 
determine  which  of  several  possible  choices  should  be  made.  Naturally,  the  selection  can 
be  only  as  good  as  the  input  data  but,  nonetheless,  an  analysis  based  on  valid  assumptions 
is  significantly  better  than  none  at  all.  Furthermore,  if  users  apply  essentially  the  same 
reasoning  to  equipment  selection,  manufacturers  will  have  no  alternative  but  to  determine 
and  supply  the  information  as  needed.  Admittedly,  the  foregoing  example  is  a  simplifica¬ 
tion  of  the  real  problem  at  hand.  However,  its  main  purpose  is  to  provide  the  user  with 
the  desire  for  a  solution.  All  too  often  drift  data,  such  as  gyro  rates,  are  questioned 
without  equally  important  emphasis  being  placed  on  equally  important  parameters.  The 
application  of  a  subsystem  philosophy  precludes  the  inadvertent  omission  of  these  important 
parameters.  In  addition,  this  philosophy  provides  a  base  line  by  which  components  of 
widely  varying  characteristics  can  be  combined  and  optimally  selected. 

As  a  further  example  of  the  trade-offs  to  be  made  in  subsystem  design,  consider  Table 
VIII,  which  is  a  partial  listing  of  Unipolar  Mechanization  Errors2  at  the  end  of  four  hours 
flight  (Initial  latitude  45°,  Velocity  1000  ft/sec,  Northeast  two  hours,  Southeast  two 
hours): 

The  example  of  Table  VIII  serves  to  illustrate  that  at  the  component  level  design  trade-offs 
can  be  similar  in  manner  to  a  linear  programming  transportation  problem:  maximize  the 
profit  (performance)  and  minimize  the  cost-of-ownershlp.  By  using  the  0.05%  scale  factor, 
the  gyro  performance  cculd  be  adjusted  to  provide  comparable  system  performance  (0. 01 
noise.  0.1%  scale  factor)  which,  in  reality,  probably  is  the  more  proper  approach.  Ob¬ 
viously,  the  next  step  is  to  ascertain  the  cost  and  reliability  differential  between  using 
a  0. 01°/hr  gyro  as  compared  to  0.015° /hr  and  a  0.1%  scale  factor  as  opposed  to  a  0.05% 
design.  With  the  inherent  stability  of  magnetic  materials,  the  0.05%  design  is  considered 
to  exhibit  a  relatively  minor  Impact  on  design  difficulty,  cost  and  reliability,  as  com¬ 
pared  to  the  0.1%  design.  However,  since  gyro  assemblies  represent  a  complex  assembly  of 
interconnected  and  inter-related  precision  parts,  the  0.01 5° /hr  component  probably  will 
represent  a  component  of  lower  cost  and  greater  reliability.  Obviously,  this  process  can 
and  should  be  analyzed  more  adequately  for  the  entire  ensemble  of  errors  within  each  sub¬ 
system.  All  too  often,  equipment  has  been  procured  on  the  basis  of  what  is  available 
rather  than  what  can  be  manufactured  on  the  basis  of  sound  technical  and  cost -of -ownership 
trade-offs. 
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TABLE  VIII 


Error  Source  Position  Error 


\  Ry 


X  gyro  noise  (°/hr) 

0.01 

2200 

8700 

(Tc  =  i  hour) 

0.015 

3300 

13050 

y  gyro  noise  (°/hr) 

0.01 

18000 

4400 

(Tc  =  l  hour) 

0.015 

27000 

6600 

X  gyro  scale  factor 

(%) 

0.  05 

3250 

14000 

0.1 

6500 

28000 

Y  gyro  scale  factor 

(%) 

0.05 

6500 

6000 

0.  1 

13000 

12000 

Z  gyro  scale  factor 

(%) 

0.  05 

8000 

500 

0. 1 

16000 

1000 

RSS  error  after  four  hours  using  components  having 
0.01°/hr  noise  and  0.1%  scale  factor  is  42,600  ft. 
RSS  error  after  four  hours  using  components  having 
0.015° /hr  noise  and  0.05%  scale  factor  is  36,100  ft 


The  preceding  examples  show  how,  by  using  a  technical  and  cost-of-ownership  trade-off 
rationale,  the  system  designer  can  select  and  design  the  best  components  for  each  sub¬ 
system.  Further,  the  system  designer  is  accumulating  cost-of-ownership  data  for  each  and 
every  component  and  subsystem.  In  order  to  design  a  low  cost-of-ownership  system,  quan¬ 
titative  data  describing  each  component  is  necessary.  Such  detailed  data,  concerning  cost, 
performance,  reliability,  maintenance,  etc.  can  be  gathered  only  if  cost-of-ownership  is 
considered  in  each  step  of  the  design  process.  The  Detachment,  in  order  to  accomplish 
this,  divided  into  four  major  subsystems  as  follows: 

1.  Gyro  Subsystem 

(a)  Gyros 

(b)  Signal  conditioning  electronics 

(c)  Stabilization  and  compensation  electronics 

(d)  Gyro  torquing  electronics 

(e)  Redundant  axis  electronics 

2.  Accelerometer  Subsystem 

(a)  Accelerometers 

(b)  Signal  conditioning  electronics 

(c)  Rebalance  loop  electronics 

(d)  A/D  conversion  electronics 

3.  Gimbal  Subsystem 

(a)  Gimbals 

(b)  Platform  torquers  and  resolvers 

(c)  Resolver  A/D  conversion  olectronics 

(d)  Wiring  interconnections 

(e)  Platform  vibration  Isolators 
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4.  Computer  Subsystems 

(a)  Computer 

(b)  Display 

(c)  Control  Panel 

(d)  Altimeter  encoder 

Each  subsystem  has  three  additional  items  which  are  common.  These  are 

(i)  Subsystem  AGE 

(ii)  Subsystem  non-recurring  equipment 

(iii)  Ancillary  equipment. 

Once  the  subsystems  listed  previously  are  defined,  the  total  cost-of-ownership  of  the 
system  (COgyg)  is  the  summation  of  the  cost -of -ownerships  of  each  subsystems  (C0_g)  plus 
miscellaneous  costs  associated  with  their  integration.  Therefore, 

Total  C0gyg  =  C0GS  +  C0AS  +  COCIS  +  C0CS  +  CM 

where  C0gyg  is  the  cost-of-ownership  of  total  system 
C0Q6  is  cost-of-ownership  of  gyro  subsystem 
C°as  is  cost-of-ownership  of  accelerometer  subsystem 
C0GIS  is  cost-of-ownership  of  gimbal  subsystem 
CGcg  is  cost-of-ownership  of  computer  subsystem 
C„  miscellaneous  costs  required  by  integration. 

Each  of  the  foregoing  subsystems  has  associated  costs  as  shown  on  Figure  3.  A  detailed 
discussion  of  the  subsystems  developed  by  the  Detachment  is  included  in  the  Appendix. 


S.  COST-OF-OWNERSHIP  -  PERFORMANCE  IN  SYSTEM  SELECTION 

We  now  have  indicated  how  a  user  can  secure  the  basic  selection  data  from  suppliers  by 
directing  the  use  of  performance  and  cost-of-ownership  trade-offs  during  the  design  phase 
of  the  initial  system.  But  it  must  be  emphasized  that  this  is  only  the  basic  data.  The 
user  must  consider  at  least  the  following  additional  factors: 

A,  Use  Rate,  Pipeline  Time  and  Repair  Costs 

Considering  again  our  previous  example  of  Systems  A  and  R  in  Section  2.  it  is  obvious 
that  total  costs  are  extremely  sensitive  to  use  rate  tnd  pipeline  time.  This  sensitivity 
is  so  great  that  the  user  should  concentrate  his  effort  on  increasing  tne  effectiveness 
of  the  pipeline  in  addition  to  the  hardware  at  this  stag*  of  the  procurement  cycle.  This 
sensitivity  and  its  importance  is  illustrated  in  Figures  \  and  5. 

After  reassessing  the  use  rate,  pipeline  tim'-  and  repair  costs  with  the  aid  of  appro¬ 
priate  Air  Force  repair  facilities,  the  user  can  amplify  or  modify  the  contractor’s  cost- 
of-ownership  data.  Specifically,  this  will  Include  the  requirements  for  additional  sys¬ 
tems,  and/or  spare  parts,  which  will  have  an  end  effect  on  cost-of-ownership. 

B.  Operating  and  Maintenance  Procedures 

Aviation  fee*  states  that  ’Tiew  data  on  avionics  equipment  failure  rates  indicate  that 
the  user  and  his  maintenance  procedures  may  have  as  great  an  effect  on  reliability  as  the 
equipment  manufacturer”. 

Further,  Aviation  Peek  found  that  the  same  equipment  which  is  subjected  to  different 
user  operating  and  maintenance  procedures  can  have  variations  in  MTBF  by  a  factor  of  as 
much  as  10:1.  It  is  imperative  that  acceptable  procedures  be  defined  at  the  outset  (or 
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at  some  milestone  date)  and  attendant  costs  be  assigned.  With  such  information,  the  user 
will  be  able  to  assess  his  operating  costs  per  hour  and  to  identify  those  cost  items  in 
the  contractor’s  proposal  that  require  modification.  In  addition,  some  repair  philosophy 
has  to  be  established  so  that  an  economical  break-even  point  is  determined.  This,  in 
effect,  stipulates  an  acceptable  cost  to  be  incurred  in  the  repair  of  a  piece  of  equipnent. 
Newark  Air  Force  Station  has  determined  this  to  be  6 0%  of  the  original  system  procurement 
cost  for  any  one  repair.  Therefore,  in  the  total  cost  history  one  must  account  for  this 
funding  requirement. 

C.  Inventory  Control 

The  cost-of-ownership  should  include  those  items  previously  outlined  in  addition  to 
inventory  management  as  defined  by  the  Logistics  Management  Institute3.  LMI  states  that 
"estimates  of  the  annual  cost  of  holding  an  item  in  inventory  range  from  15  -  25%  of  the 
average  inventory  value”.  While  this  statement  is  significant  in  itself,  one  readily 
can  see  that  now  the  basic  maintenance  concept  must  be  defined  with  regard  to  a  repair  or 
throw-away  concept. 

We  have  already  accumulated  the  data  on  pipeline  time,  use  rate  and  repair  costs.  Using 
these,  the  user  can  generate  more  specific  cost  factors  and  draw  a  comparison  between  two 
basic  approaches:  repairable  and  throw-away. 

Using  the  repairable  approach  the  user  must  of  course  consider  all  costs:  acquisition, 
operating  and  maintenance,  both  base  and  depot.  Using  the  throw-away  concept,  the  user 
considers  all  costs  except  depot  maintenance  but  he  must  add  further  costs  for  spares. 

The  consideration  of  these  two  basic  approaches  is  considered  significant  from  two 
standpoints: 

1.  Will  the  throw-away  concept  have  less  effect  on  system  MTBF  as  a  function  of  the 
number  of  repair  cycles? 

2.  Will  the  reduction  in  pipeline  equipment  requirements  offset  the  additional  base 
inventory  required’ 

Now  that  the  contractor's  or  suppliers’  cost-of-ownership  data  has  been  amplified  and 
modified,  a  comparative  tool  is  necessary  to  complete  the  selection  process.  Since  the 
parameters  of  greatest  concern  are  cost-of-ownership  and  performance,  these  parameters 
can  be  considered  to  be  factors  of  a  product  and  are  defined  as  follows: 

COPE  -  Cost-of-Ownership  »  Performance  (Ref.  4)  . 

CO  now  is  defined  as  the  total  cost  of  the  system  in  dollars  per  hour  of  operational  life. 
System  PE  is  defined  a*  the  accuracy  of  position  indication  in  nautical  miles  per  hour 
(3?  radial)  for  a  selected  flight  path  and  duration.  That  system  which  exhibits  the  lowest 
COPE  number  for  a  given  performance  or  for  a  given  cost-of-ownership  represents  the  best 
selection.  Unless  applied  to  a  specific  requirement,  either  performance  or  cost,  the 
lowest  overall  COPE  number  would  provide  a  system  probably  either  too  expensive  to  operate 
or  performance  much  better  than  needed.  Regardless  of  how  the  cost  categories  are  grouped, 
they  must  include  all  cost  items  such  that  their  total  is  the  total  coet-of-ownerahip  of 
the  system.  The  user  could: 

(1)  For  a  given  cost,  select  the  system  that  maximizes  performance. 

(li)  For  a  given  performance,  select  the  system  that  minimizes  the  cost-of-ownership. 

But  why  not  select  the  development  concept  that  will  minimize  the  COPE  product  which  1b 
suitably  weighted  with  cost-of-ownership  and  performance  factors?  These  weighting  factors 
may  be  considered,  for  example,  as 
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COPE  -  COTS [w x (Prat Jo  +  *2^ratio  2)  +  •••  +  ^ratio  J ^  • 

where  C0TS  is  the  cost -of -owner ship  of  the  total  system  Prati  0  is  a  ratio  of  desired 
performance  (P,  de8ired)  to  contractor  proposed  performance  (Pj )  which  is  always  equal 
to  or  greater  than  1. 

i.e.  if  desired  performance  is  better  than  that  proposed  by  contractor 

P  ratio  j  “  Pj/Pj  desired 

and  if  contractor  performance  is  better  than  that  desired  then 

Pratio  j  ”  Pj  desired'Pj 

j  =  1  to  total  number  of  performance  factors  considered,  for  example,  1  -  position 
error,  2  =  velocity  error  and  3  =  azimuth  error,  etc. 

Wj  =  weighting  factors  determined  by  mission  requirements. 

The  cost-of -ownership  performance  product,  as  applied  to  an  inertial  navigation  system, 
provides  the  rather  unusual  units  of  dollars  mi/hr2  or,  for  the  weighted  case  (normalized), 
dollars  per  hour.  The  units  of  fiscal  acceleration  while  unusual,  should  not  present  any 
insurmountable  problem.  These  units  would  apply  also  to  the  various  subsystems,  since 
their  particular  errors  would  be  related  to  equivalent  mi/hr.  We  recognize  that,  in  all 
probability,  the  information  required  to  generate  weighted  COPE  numbers  is  extremely 
limited.  Perhaps  it  is  not  available.  Nonetheless,  this  should  not  deter  us  from  providing 
means  for  future  data  accumulation  so  that  the  most  effective  product  selection  can  be  made 
by  the  user. 


6.  CONCLUSIONS  AND  RECOMMENDATIONS 

We  have  discussed  the  need  for  the  application  of  a  cost -of -owner ship  approach  to  iner¬ 
tial  navigation  system  procurement  and  future  development.  A  great  deal  of  the  information 
necessary  to  generate  cost -of -ownership  criteria  is  not  available;  however,  the  user, 
better  than  any  other,  can  and  should  provide  manufacturer  motivation.  It  is  not  Important 
that  the  approach  discussed  herein  be  adopted;  however,  some  approach  should  be  focused 
on  navigation  equipment  from  a  total  cost  standpoint.  This  undoubtedly  is  necessary  and 
action,  perhaps  through  the  medium  of  a  government -industry  committee  or  an  organization 
such  as  AGARD,  should  be  taken  immediately  to  establish  acceptable  definitions,  approaches 
and  criteria. 
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APPENDIX 


The  Locating  System 


The  history  of  our  Detachment  and  detailed  descriptions  of  Lo*  Cost  Aircraft  Inertial 
Navigation  System  (LOCATING)  development  have  been  the  subject  of  previous  papers1**. 
Therefore  this  appendix  is  included  for  completeness  only,  ir.  order  to  provide  the  reader 
with  a  brief  description  of  our  system  development  efforts. 


As  a  result  of  various  laboratory  tests,  industrial  surveys,  proposal  evaluations,  and 
in-house  design  efforts,  the  Detachment  has  completed  the  design  definition  of  two  Inertial 
navigation  systems.  These  LOCATING  Systems,  an  acronym  for  Low  Cost  AircrafT  Inertial 
NaviGation  System,  have  been  designated  Gyroflex/Sperry  (G/S)  and  Gyroflex/Kearfott  (G/K). 
The  G/S  System  is  in  the  final  stages  of  fabrication  and  test  and  will  conence  develop¬ 
mental  flight  test  during  late  August  1967.  The  G/K  System  will  enter  this  phase  8-10 
months  later. 

The  goals  of  each  system  are  essentially  the  same,  to  minimize  the  cost -of -ownership 
for  a  given  performance.  The  cost -of -ownership  goal  is  SlO/hour  over  the  life  of  the 
equipment  with  a  performance  characteristic  of  3  n  ml/hr  (3  o  radial). 

The  G/S  System  designation  arises  from  the  use  of  Gyroflex  gyro  with  a  Sperry  ginbal 
set.  A  listing  of  the  components  and  their  suppliers  Included  in  each  of  the  four  major 
subsystems  is  as  follows: 

1.  Gyro  Subsystem 

a.  Gyro  -  Gyroflex 

b.  Signal  conditioning  electronics  •  General  Precision,  Detachment  •] 

c.  Redundant  axis  electronics  •  General  Precision 

d.  Gyro  torquing  electronics  •  Nortronics 

e.  Stabilization  electronics  •  Detachment  d 

f.  Ancillary  equipment  (temp  controller,  power  suppliers,  etc.)  Detachment  *1 


2.  Accelerometer  Subsystem 

a.  Accelerometers 

(1)  Horizontal  -  General  Precision,  Mod  2414 

(2)  Vertical  -  Autonetica,  Mod  A-40 

b.  Capture  electronics  and  A/D 

(1)  Horizontal  •  Autonetica,  Detachment  *1 

(2)  Vertical  -  included  in  A-40  case 

c.  Ancillary  equipment  -  Detachment  *1 

3.  (hmbal  Subsystem 

a.  Gimbals  -  Sperry.  Detachment  »1 

b.  Platform  A/D  -  Ditran,  Division  of  Clifton  Precision  Products  Company,  Detach¬ 
ment  *1 

c.  Ancillary  equipment  -  Detachment  el 
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1.  Computer  Subsystem 

a.  Computer  -  Nortronics 

b.  Control  -  Nortronics 

c.  Display  •  Nortronics 

Itie  interface  engineering  required  to  integrate  the  foregoing  equipments  has  been  com¬ 
pleted  in-house.  In  addition,  other  in-house  accomriishments  of  significance  are 

(1)  Design  and  manufacture  of  azimuth  cluster. 

(ii)  Complete  re-airing  of  giabal  set  to  system  requirements. 

(iii)  Programming  of  system  aechsnization  equations. 

(iv)  Design  and  fabricaticn  of  all  power  supplies,  various  ancillary  electronic 
equitment,  power  interrupt  circuitry  and  system  AGE. 

Hie  g/K  fasten  designation  arises  from  the  use  of  the  Gyroflei  gyro  and  the  Kearfott 
ASN  58  (modified)  gimbal  set.  In  addition  to  the  giabal  subsystem  change,  other  major 
differences  are 

(i)  All  electronic  boards  have  been  redesigned  to  improve  performance  and  reliability. 

(ii)  Vertical  accelerometer  -  General  Precision  2401. 

Ibis  approach  was  taken  since  it  appeared  obvious  that,  with  th»  Gyroflet  and  2414.  a 
new  giabal  set  would  either  have  to  be  procured  or  designed  in-house  and  manufactured  on 
contract.  Since  a  large  portion  of  the  developmental  funding  had  already  been  applied  by 
the  government  to  the  basic  ASM  57/58  equipment,  the  decision  was  made  to  procure  a 
modified  version  of  the  ASN  58  to  Detachment  »1  specifications.  This  approach  provides  a 
more  effective  utilization  of  in-house  manpower  and  available  funding. 

Ibe  results  of  the  laboratory  and  flight  tests  will  be  the  subject  of  a  technical  paper 
when  appropriate. 


Operational  and  Mlntiuoct  history  of  IW  A  and  I  MU  B.  (Use  rate  -  20  hours/week, 
depot  'base  ratio  •  21.  base  repair  tine  -  2  seeks,  depot  repair  cycle  •  10  seeks) 


Number  of  IMU’s  in  68-day  depot  pipeline  versus  MTOF  of  IMU.  Total  IMU  hours/year 
for  100  aircraft  =  104,000,  for  300  aircraft  =  312,000.  Use  rate  20  hours/week  per 

aircraft 
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SUMMARY 


Hie  history  of  inertial  navigation  contains  a  trend  in  which  the  hard¬ 
ware  is  becoming  progressively  more  simple  mechanically  and  at  the  same  time 
more  complex  electrically,  this  trend  is  examined  with  particular  emphasis 
on  large  rocket  boosters.  Attention  is  given  to  the  generation  of  meaning¬ 
ful  performance  specifications.  The  system  chosen  at  the  Marshall  Space 
Flight  Center  for  detailed  study  and  the  reasons  for  its  choice  are  dis¬ 
cussed.  Methods  of  statistical  data  reduction  and  some  comparisons  between 
testing  components  for  a  platform  and  for  a  strapdown  system  are  presented. 
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RA-RAW 


NOTATION 


rectilinear  acceleration  of  the  float  along  the  ith  axis,  referred  to  the 
float 

drift  (deg/hr) 

angular  momentum  of  wheel 

input  axis  of  float 

moment  of  inertia  of  float  about  ith  float  axis 
product  of  inertia  of  float  between  ith  and  jth  axes 
moment  of  inertia  of  wheel  about  its  spin  axis 
polar  moment  of  inertia  of  float  about  its  input  axis 
polar  moment  of  inertia  of  cradle  about  its  input  axis 
anisoelastic  drift  coefficient 

equivalent  torsional  spring  rate  of  gas  suspension  bearing  (cradle  to 
float) 

g-independent  drift  rate  coefficient 
drift  coefficient  (deg/hr) /(deg/s) 
drift  coefficient  (deg/hr)/(deg/s) 2 

projection  of  the  distance  from  the  float  mass  center  to  the  flotation  axis 
along  the  input  axis  of  the  float 

projection  of  the  distance  from  the  float  mass  center  to  the  flotation  axis 
along  the  spin  axis  of  the  float 

mass  of  complete  float  assembly 

constant  drift  term  (deg/hr) 

g-sensitive  drift  coefficient  (deg/hr)/g 

output  axis  of  float 

spin  teference  axis  of  float 

net  torque  applied  to  the  cradle  input  axis 

torque  applied  to  float  about  its  output  axis  (usually  atound  sero  in  servo 
stability  analysis) 

Inertial  rate  to  gyro  (table  rate  1  earth's  rate  (deg/s)) 
natural  frequencies  of  system 

angular  velocity  of  the  wheel  with  respect  to  the  float 


angular  velocity  of  the  float  about  its  1th  axis,  referred  to  the  float 

tine  differential  of  u> 

cradle  input  axis  angle  about  the  input  ?xis 

added  tern  in  drift  equation,  second  haraonic 

float  output  axis  angle  (assuned  signal  generator  input  angle) 

added  tern  in  drift  equation,  second  harmonic 

float  input  axis  angle 
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A  STUDY  OF  STRAPDOIN  INERTIAL  NAVIGATION 
AT  Tilt  MARSHALL  SPACE  FLIGHT  CENTER 

F.P.Daniel,  G.B.Doane  III,  and  R. R. Kissel 


1.  INTRODUCTION 
1. 1  General 

As  time  has  progressed,  the  application  of  gyroscopic  navigation  systems  to  vehicles 
has  become  more  and  more  complex,  both  mechanically  and  electrically.  Today,  however,  the 
new  trend  is  that  the  mechanical  features  appear  to  be  relatively  simpler,  even  though 
systems  are  becoming  more  complex  overall. 

In  this  trend,  which  reduces  the  number  of  mechanical  parts,  it  is  helpful  to  examine 
the  roles  in  which  gyros  have  been  applied.  In  doing  this,  one  point  becomes  clear; 
l.e.  gyroscopes  have  been  applied  in  both  a  crude  and  a  precision  sense. 

By  way  of  illustration,  one  may  cite  many  vehicles  which  used  two -degree -of ‘freedom 
gyroscopes  for  basic  attitude  measurement  and  spring-restrained  single-degree -of- freedom 
gyroscopes  for  attitude  rate  measurement.  This  application  may  be  considered  crude  in  the 
sense  that  the  quality  of  the  data  derived  from  the  gyroscopic  instruments  was  not  suitable 
for  use  in  a  self-contained  inertial  navigation  system.  In  the  past  two  or  three  decades, 
many  systems  have  used  gyroscopic  attitude  references  to  determine  and  control  accelerometer 
orientation  with  respect  to  space  on  a  stabilized,  gimbaled  platform.  Typically,  in  this 
service,  the  attitude  drift  rate  required  for  the  precision  navigation  function  is  on  the 
order  of  0.5  deg/hr  (2.4  *  10* 3  arad/s)  down  to  such  small  claimed  values  as  0.001  deg/hr 
(4.8  x  10’*  arad/s).  By  contrast,  the  rat*  gyre  slm Uoued  previously  have  accuracies  on 
the  order  of  10  deg/hr  (48  *  10*3  mrad/s). 

The  foregoing  illustrates  how  equipment  has  become  more  sophisticated  in  its  functions 
and  thus  complex  in  the  overall  sense.  Most  of  the  resulting  systems  use  several  gimbals 
carrying  a  stabilized  inertial  base  on  which,  in  turn,  are  mounted  gyroscopes  and  accel¬ 
erometers.  Early  systems  had  five  gimbals;  subsequent  full  inertial  systems  have  used 
both  three  and  four  gtmbal  configurations,  in  general,  the  systems  that  do  not  have  the 
extreme  attitude  requirements  of  aircraft  have  tended  to  uae  three  gimbals.  In  the  con¬ 
ventional  platform  inertial  system,  the  stable  element  is  either  fixed  in  attitude  with 
respect  to  Inertial  space  or  Is  slowly  varying  In  attitude  with  respect  to  inertial  apace 
and  fixed  with  respect  to  a  moving  navigational  coordinate  frame,  such  as  an  earth  local 
vertical  system.  The  gyroscopes  used  in  this  application  are  not  required  to  sustain 
angular  rates  on  the  order  of  those  experienced  by  the  vehicle  frame.  Likewise,  the 
accelerometers  are  not  experiencing  the  severe  angular  motion  environment  of  the  vehicle 
frame.  Indeed,  there  is  still  a  rather  large  number  of  inertial  ayatam  experts  who 
believe  that  the  gimbaled  platform  environment  results  in  sufficiently  improved  sensor 
performance  to  justify  the  use  of  gimbals  in  any  precision  system. 

Strapdoen  guidance  is  defined  here  as  a  system  which  consists  of  measuring  instruments 
mounted  to  the  vehicle  frame;  l.e.  gyroscopes  and  accelerometers  that  provide  information 
suitable  for  inertial  navigation  and  the  associated  computer  for  interpreting  this 
information1.  In  a  strapdoen  ays  tee.  the  instruments  are  subjected  to  the  total  dynamic 
environ aent  of  toe  vehicle  attitude.  Additionally,  the  gyroscopes  oust  provide  informa¬ 
tion  from  which  vehicle  attitude  will  be  determined,  because  single-degree -of -freedom 
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gyroscopes  measure  onlv  angular  rate,  they  Bust  be  followed  by  sobp  for®  of  integration 
procedure  to  determine  attitude.  The  attitude  data,  when  .suitably  combined  with  the 
accelerometer  outputs,  provide  all  the  necessary  navigation  information.  The  mechaniza¬ 
tion  concepts  treated  here  are  related  to  the  inertial  sensors  and  their  operation.  In 
particular  for  the  attitude  measurement,  smgle-degree-of-freedom  gyro  sensors  may  be 
applied  in  two  fundamentally  different  ways. 

The  first  category  is  one  in  which  a  single-degree-of -freedom  gyroscope  is  used  to 
stabilize  a  "single  axis  platform”  (SAP).  A  measurement  of  angular  rate  between  the  plat¬ 
form  and  the  vehicle  will  provide  the  necessary  measurement  discussed  previously.  The 
second  concept  consists  of  single-degree-of -freedom  gyroscopes,  body-fixed  to  the  vehicle. 

In  this  concept,  a  measurement  of  gyro  output  axis  angle  is  used  to  hold  the  output  axis 
angle  at  a  very  small  value  by  applying  a  known  torque  to  the  output  axis  of  the  gyroscope. 
The  value  of  torque  is  used  as  a  measurement  of  vehicle  angular  rate. 

1.2  Application 

The  application  considered  here  is  for  the  navigation  of  a  large  boost  vehicle  during 
mission  phases  including  liftoff,  ascent  to  earth  orbit,  earth  orbit,  and  injection  into 
a  translunar  or  interplanetary  trajectory.  There  are  applications  in  which  much  time  must 
be  spent  in  earth  orbit,  perhaps  as  much  as  several  weeks  or  even  months.  For  this  case, 
no  known  inertial  systems  are  capable  of  achieving  the  low  drift  rates  required.  Therefore, 
realignment  of  all  inertial  systems  is  required  after  long  duration  in  earth  orbit  or  else¬ 
where.  Thus,  this  discussion  is  restricted  to  ascent  from  the  earth  and  injection  into  an 
earth  orbit,  coast  in  earth  orbit  for  several  orbits  (e.g.  four  to  ten),  and  subsequent 
injection  into  a  transfer  trajectory.  For  this  case,  it  is  feasible  to  use  full  inertial 
systems,  unaided  by  realignment,  for  navigation  to  final  injection.  Such  systems,  aug¬ 
mented  by  a  suitable  realignment  scheme,  would  be  appropriate  for  the  longer  duration 
missions.  The  mission  used  to  generate  performance  specifications  is  typical  of  many 
current  and  projected  boost  missions. 

The  figure  of  merit  used  to  characterize  the  quality  of  an  inertial  system  in  the  fore¬ 
going  application  la  the  accuracy  with  which  a  low  circular  orbit  Is  achieved.  The  under¬ 
lying  reasons  for  choosing  this  criterion  are  as  follows:  From  a  propellant  efficiency 
point  of  view,  a  nominally  low  altitude  parking  orbit  is  desirable;  whereas  from  orbit 
lifetime  considerations,  a  high  orbit  altitude  is  desirable.  In  general,  therefore,  we 
desire  the  lowest  nominal  altitude  which  has  sufficient  life  for  mission  accomplishment 
when  allowances  are  made  for  orbit  uncertainties. 

A  simplifying  assumption  may  be  made  to  eliminate  the  absolute  nominal  altitude  from 
further  consideration.  Briefly  stated,  the  percentage  loas  in  orbit  lifetime  caused  by  a 
perigee  altitude  error  is  proportional  to  this  altitude  error.  For  a  typical  configura¬ 
tion  studied  recently,  this  ratio  is  101  loas  in  lifetime  for  3500  meters  altitude  error 
at  perigee.  A  safety  factor  of  lh  la  used  to  account  for  additional  uncertainties  in  orbit 
lifetime  prediction  and  unaccountable  items.  The  result  la  an  allowable  perigee  altitude 
error  of  5  km,  which  must  be  added  to  the  ideal  circular  orbit  altitude  to  obtain  tbe 
nominal  deaign  altitude,  then  characterised  tv  toto  by  Just  an  angular  drift  rate,  the 
required  inertial  system  accuracy  for  a  launch  to  a  IBS  km  altitude  parking  orbit  la  0.35 
deg/hr  (1  2  »  10*’  mrad/a).  This  value  la  a  composite  consisting  of  the  equivalent 
average  value  of  drift  rat*  when  all  causes  of  error  are  considered.  Fbr  a  typical  nix 
of  error  sources,  this  quality  is  adequate  for  final  injection  into  tbe  translunar  or 
interplanetary  orbit.  Such  acruivctes  are  consistent  with  tricking  accuracies  and  aid- 
course  maneuver  fuel  requirements,  i.e.  the  use  of  this  criterion  remits  in  an  inertial 
system  that  Is  adequate,  but  not  ovtrly  so,  for  the  entire  miasioo.  Table  I  gives  tbe 
error  sensitivities  relating  various  inertial  sensor  errors  t>  perigee  altitude  error. 
Figures  I  and  2  show  perigee  altitude  error  resulting  from  degradation  of  certain  types  of 
error  sources. 
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In  thf-  strapdowr  application.  it  has  beur  stated  that  on*5  f  the  crif.  al  d^sigr  para¬ 
meters  is  angular  rate  of  the  vehicle  hodv  to  which  the  inertial  sensors  are  subjected 
The  total  angular  rate  results  from  manv  causes  however.  the  following  three  categories 
provide  a  sufficient  description  u)  Th»  nominal  slow,  steacv  attitude  rates  commanded 
by  the  guidance  system,  til)  rates  caused  by  attitude  maneuvers  (resulting  from  changes 
in  desired  thrust  direction,  aerodynamical ly  caused  motions,  bending,  and  sloshing),  and 
(iii)  random  angular  vibration.  The  characteristic  values  of  these  motions  for  a  given 
system  must  be  determined  by  analytic  simulations  and  flight  test  measurements.  Flight 
measurements  are  particularly  important  in  this  regard  because  none  of  the  known  vehicle 
simulations  contain  complete  vehicle  vibration  node  Is  and  little  or  no  applicable,  detailed 
flight  data  are  available  from  the  past.  The  most  useful  information  currently  available 
appears  to  be  the  telemetered  signals  from  control  rate  gyros.  These  instruments  seem 
most  often  to  have  a  range  of  tlO  deg/s  (0.17  rad/s)  and  respond  to  inputs  of  frequencies 
up  to  30  or  40  Hz. 

A  frequency  spectrum  of  some  actual  angular  rates  has  been  examined;  typical  results 
are  shown  in  Figure  3.  These  analyses  were  run  on  worst  case  10-second  time  slices,  m 
general,  they  show  a  level  of  0.0005  {deg/s)l/H2  .15.2  «  10~8  (rad/s)  ?/Hz]  with  super¬ 
imposed  spikes  between  1  and  6  Hz  and  between  35  and  40  Hz.  The  low  frequency  components 
correspond  to  the  natural  vibrational  modes  of  the  particular  vehicle  from  which  tnis 
information  was  obtained.  It  has  been  suggested  that  the  high  frequency  components  are 
caused  by  local  mechanical  conditions  within  the  instrument  itself,  and  that  these  could 
be  brought  down  to  0.0005  (deg/s)  */Hz  1 15.  2  *  10* 1  (rad/s)  J/Hz]  by  suitable  design  of  the 
control  rate  gyro  mounting. 

It  is  recognized  that  the  upper  liait  of  40  Hz  in  the  instrumentation  may  be  restrictive, 
and  instrumentation  with  wider  bandwidth  capabilities  is  being  planned  for  some  of  the 
future  flights.  Other  than  to  note  that  the  strapdown  instruments  experience  both  trans¬ 
lational  and  rotational  vibrations,  whereas  a  platform  mounted  component  only  experiences 
the  translational,  this  nominal  acceleration  and  velocity  environment  will  not  be  discussed 
further  because  it  is  typical  of  large  liquid-propellant  rocket  boosters. 

Several  flight  tests  have  been  made  using  single-degree-of -freedom  gyroscopes  in  a  strap- 
down  configuration.  Notably,  the  Ford  Instrument  Company’s  SAP  and  pendulous  integrating 
gyro  accelerometer  (P1GA)  concept  was  flight  tested  in  an  airplane  in  1962. 

Also,  single-degree-of -freedom  gyroscopes  are  being  used  in  the  precision  rebalanced 
strapdown  mode  in  the  lunar  module  (Lb)  abort  guidance  system  and  the  UBAF  Fit  I IC7  ASSET 
seriea  of  maneuverable  reentry  body  tests.  It  is  more  reasonable  to  consider  for  the  near 
future  the  use  of  single-degree-of-'reedom  gyroscopes  as  exemplified  in  these  examples 
rather  than  other,  more  unusual  type*  (euch  as  laser  gyro*  and  magnetohydrodynamlc  gyros), 
Single-degree-of -freedom  gyroscopes  have  been  in  use  for  a  long  time  and  such  is  known 
about  them.  Although  this  I*  a  net  application,  many  of  the  problems  have  been  solved  or 
are  known  to  have  solution*.  Therefor*,  the  mechanical  and  electrical  problem*  associated 
with  the  application  of  single-degree  of-freedom  gyroscope*  ere  analyzed  in  some  detail. 

A  mathematical  analyst*  of  the  mechanic*  and  the  servo  of  the  single  axis  platform,  a*  well 
as  the  mechanic*  or  the  precision  r  •balanced  gyro,  is  included,  muck  of  the  analysis  is 
the  same  for  the  teo  gyroscope*,  ooeever,  the  difference*  are  indicated. 

1.3  NANA  la- Nome*  (merit. I  Sensor  H forts 

Durint  the  early  in>hot*c  studies  (about  1964).  it  *%*  determined  that  MSPC  could  and 
should  fill  a  gap  *hich  'listed  in  the  development  of  strapdi-wo  inertial  hardware,  the 
next  step  ***  to  formulate  an  appropriate  program.  One  of  the  ground  rules  decided  upon 
wma  to  sake  maximum  use  t-f  applicable  equipment  stemming  frem  current  programs.  Another 
ground  rule  required  that  the  resulting  system  be  competitive  in  performance  aith  the 
beat  gimbaled  platforms.  Accordingly,  the  A63  (J-cn  wheel  diameter)  PICA  and  the  *eel 
and  float  of  the  AB5  gyro  were  postulated  am  components  of  •>  eventual  inertial  measuring 
unit  (IN)).  Thu*,  little  change  ami  necessary  in  a  highly  successful  and  available  PICA 
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design;  the  only  new  design  required  was  for  the  angular  rate  sensing  device  (SAP).  To 

make  a  breadboard  SAP  available  for  laboratory  testing  in  the  shortest  possible  time,  a 
cradle,  with  trunnion  bearings,  from  a  previous  test  program  (Fig.  4)  was  used.  Its  mount¬ 
ing  surfaces  were  lapped  to  a  tolerance  of  ±5  arc  seconds. 

The  first  system  tests  will  only  be  of  the  IMl!.  The  raw  data  from  the  sensors  will  be 
recovered  for  comparison  with  various  known  position  time-line  data.  Later,  however,  full 
system  tests  will  include  a  digital  differential  analyzer  (DDA)  type  of  computer  which  will 
operate  on-line,  processing  each  bit  of  data  as  it  is  generated  by  the  SAP's  or  PIGA’s  and 
producing  attitude  and  navigation  (position  and  velocity)  information.  This  computer  is 
being  designed  and  fabricated  ir-house  at  MSFC  (as  well  as  the  IMJ  and  the  SAP’s  and  PIGA’s) 
and  is  reported  upon  in  detail  elsewhere2. 


2.  ANALYTICAL  CONSIDERATIONS 

2. 1  General 

Although  the  gross  theory  of  the  single  axis  platform  used  for  angular  rate  measurement 
is  well  known3,  the  salient  points  will  be  reviewed.  The  desired  information  from  the 
instrument  is  the  rate  at  which  the  instrument  base  is  rotating,  with  respect  to  inertial 
space,  about  one  axis,  which  is  usually  designated  the  "instrument  input  axis”.  Rotations 
about  the  output  and  spin  axes  of  the  instrument  should,  ideally,  not  affect  its  indication. 
Considering  an  ideal  instrument,  it  is  readily  seen  that  rates  about  the  spin  axis  of  the 
instrument  will  not  be  sensed  because  a  gyroscope  does  not  respond  to  rates  about  its  spin 
axis.  Rates  about  the  instrument's  output  axis  will,  ideally,  not  be  sensed  either  because, 
to  keep  the  signal  generator  nulled,  the  input  axis  torquer  will  supply  just  enough  torque 
to  precess  the  gyro  at  the  exact  rate  that  the  instrument  is  rotating  about  the  flcat’s 
output  axis.  The  output  from  the  instrument  is  obtained  by  measuring  the  angular  rate 
between  the  instrument  base  and  the  gyro  case.  Unfortunately,  errors  can  creep  into  any 
mechanization  of  this  ideal  operation. 

2.2  Analog- to- Digital  Conversion  Considerations 

The  instrument’s  errors  fall  into  several  categories,  one  of  which  depends  upon  the 
choice  of  angular  rate  transducers.  From  a  purely  theoretical  standpoint,  an  analog  rate 
sensor  (tachometer)  would  be  ideal  because  the  exact  desired  information  would  be  con¬ 
tinuously  available.  However,  practical  tachometers  do  not  meet  the  accuracy  requirements 
necessary  for  inertial  navigation,  and  recourse  must  be  made  to  measuring  time  and  angular 
distance  because  these  quantities  may  be  most  accurately  measured.  Since  many  transforma¬ 
tion  computer  programs  are  available  that  can  accept  properly  conditioned  angular  inputs, 
no  fundamental  limitation  is  imposed  on  the  overall  system  if  such  a  program  is  designed 
into  the  system  from  the  outset.  As  a  further  practical  matter,  most  modern  guidance 
systems  employ  digital  data  processing,  and  one  notes  that  the  transformation  computer  will 
probably  be  amenable  to  operating  on  the  discrete  data  resulting  from  the  use  of  digital 
shaft  angle  encoders. 

The  remaining  question  then  is  what  angular  resolution  is  required.  The  answer  depends 
on  the  accuracy  sought  from  the  overall  system  and  hence  is  a  figure  distilled  from  many 
trade-off  studies  combined  with  knowledge  of  the  technology  of  encoders,  inertial  sensors, 
and  data  processing  equipment.  (It  would  not  be  reasonable  to  install  a  10  kg  encoder  on 
a  1  kg  SAP,  for  example.)  In  this  case,  considering  required  system  accuracy  to  be  com¬ 
petitive  (but  not  necessarily  equal,  in  all  respects)  with  a  platform  specifically  designed 
for  a  high  accuracy  boost  mission  (roughly  a  10-minute  boost  into  a  185  km  circular  orbit), 
the  required  resolution,  as  determined  by  engineering  simulations,  is  about  17  or  18  binary 
bits  referred  to  360  degrees  (2n  radians).  Further  refining  will  be  done  in  future  studies. 
Unfortunately,  there  currently  appears  to  be  a  change  in  the  class  of  shaft  angle  encoders 
available  to  achieve  18  bits  (or  more)  as  compared  to  17  bits  (or  less);  the  dollar  pro¬ 
curement  cost  is  much  greater  for  an  18-bit  device,  in  addition,  the  requirements  of  the 
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various  trunnion  bearings  along  the  instrument's  input  axis  become  more  stringent  as  more 
resolution  is  required.  MSFC’s  first  breadboard  was  built  with  a  16 -bit  resolution 
encoder,  which  happened  to  be  available  in-house  from  a  previous  encoder  test  program. 

Initial  rate  table  testing  soon  showed  the  36-bit  resolution  to  be  too  low  for  determining 
the  necessary  performance  data  in  a  reasonable  length  oi  time  (a  day).  Shortly  thereafter 
a  19-bit  encoder  became  available  in-house  for  this  program  and  was  installed  on  the 
breadboard.  The  performance  of  this  encoder  was  very  satisfactory;  the  results,  presen¬ 
ted  in  Table  II,  were  distilled  from  raw  data  obtained  from  the  19-bit  encoder.  A  market 
survey  of  encoders  suitable  for  a  flight  model  of  the  SAP  was  conducted,  and  an  18-bit  binary 
bit  (resolution  of  &  radians)  incremental  encoder  is  now  being  procured.  These  encoders 
must  provide  accurate  information  to  calculate  the  rate  data  with  tolerances  on  the  order 
of  the  basic  gyro  drift  rate,  over  a  slew  rate  range  of  from  0  to  ±1  rad/s.  (Platform 
gimbal  angle  encoders  only  provide  information  for  guidance  command  resolution.)  The 
slew  rate  range,  although  somewhat  arbitrary,  since  it  must  encompass  rigid-body  vehicle 
motions  as  well  as  local  angular  vibration  rates,  will  include  most  practical  large  launch 
vehicle  applications.  Each  of  these  two  sources  has  been  allotted  approximately  half  of 
the  total  range,  other  trade-offs  are  possible,  depending  principally  upon  the  mission, 
vehicle,  and  vibration  mount  (if  any). 

2.  3  Basic  Dynamical  Error  Model 

Basic  instrument  system  errors  ray  be  treated  in  a  fundamental,  steady-state  fashion  by 
writing  Euler's  equations  ir  which  the  angular  .rices  are  referenced  to  the  gyro  float.  A 
rigid  float  in  which  an  angular  momentum  vector  is  embedded  provides  a  good  model  if  none 
of  the  oscillatory  modes  associated  with  th«>  contents  of  the  float  are  excited.  The  IMU 
mounts  must  be  designed  to  rteclude  this  possibility,  since  large  unpredictable  drift  rates 
would  otherwise  ensue.  The  torque  summation  equation  about  the  float  output  axis  is  of 
particular  interest  here  si  ce  it  defines  the  gyro  drift  rate.  This  summation  is  as 
follows  (see  Notation): 


Applied  torque  =  inertial  reaction  torque 
■mIHAaIAF  1  mLIAaftAF  T  KwaIAFaP.AF  +  Kbias  =  ^i)AF!OA  -  OAF  * 

T  ‘■'lAF^TUF  fIIA  -  IAF  *  XRA  -  RAF*  +  X0A  -  RAF  ^AF^W  *  ^AF* 

'  *IA  -  OAF  ^OAF^AF  +  ^AF*  +  *IA  -  RAF  (WIAF  '  ^AF*  + 

*  ^OAF^AOAi  '  AF!RA  -  RAW  (a"S  +  ^AF*  +  ^AF^IAF^AIAW  • 

Although  well  known,  this  equation  still  projects  a  rather  formidable  image.  It  may 
first  be  simplified  by  dropping  all  terms  containing  angular  acceleration  factors.  One 
.nay  also  define,  in  the  usual  way,  a  quantity  H  which  is  called  the  wheel  momentum 
(tacitly  making  the  excellent  assumption  that  u>s  »>  >'^AP): 

H  =  *RA  -  RAW  WS  • 

The  remaining  inertial  reaction  terms  are  transferred  to  the  left  side  of  the  equation. 
This  procedure  allows  each  "drift  producing  source”  to  be  considered  separately.  Note 
that  no  viscous  torque  term  is  included  in  the  equation;  one  might  have  been  included 
for  generality,  but  it  is  negligible  for  gas  output  axis  suspension  instruments  such  as 
the  AB3  PIGA  and  the  AB5  SAP. 

From  these  analyses,  one  immediately  notices  that,  if  a  gyro  float  were  to  be  designed 
specifically  for  the  strapdown  application,  the  ideal  moment  of  inertia  tensor  of  the 
float  would  correspond  to  that  of  a  sphere  (all  cross-products  of  inertia  zero  and  all 
moments  of  inertia  with  respect  to  the  OA-IA-RA  triad  equal).  If  this  were  accomplished, 


four  terms  would  immediately  drop  out  of  the  inertial  reaction  description.  While  some 
attention  is  given  to  "end-to-end”  float  balance  in  the  course  of  designing  gyros  for  use 
in  three-axis  stabilized  platforms,  there  is  no  universally  recognized  requirement  for 
dynamic  (as  opposed  to  the  usual  very  careful  static)  balance.  Some  float  designs  have 
been  proposed  by  others  to  achieve  the  spherical  inertia  tensor  characteristic,  but  to  our 
knowledge  few  have  been  built. 

All  the  simplifications  inherent  in  the  output  axis  torqued  case  have  been  explored; 
however,  in  the  SAP  approach,  all  terms  containing  a>1A  automatically  become  negligible 
since  the  drift  rate  of  the  gyro  about  its  IA  will  be  very  low  (typically  0.5  deg/hr 
10.  25  x  10' 3  mrad/s]).  Thus,  for  the  SAP,  attention  becomes  focused  on  the  terms 
*Il AOAP'tiAF  81,(1  ■^iAftAF^itAF  88  error  sources  in  addition  to  those  normally  associated 
with  inertial  grade  gyros  for  platform  use.  The  only  way  to  decrease  these  terms  in  a 
given  environment  is  to  reduce  IIA0AF  811(1  ^IARAF  r®desiRn  °f  the  float  or  by 
sophisticated  balance  procedures,  or  both.  Another  phenomenon,  which  may  or  may  not  be 
immediately  apparent  from  this  equation,  is  the  so-called  output  axis  torque  problem. 

It  may  be  made  visible  by  assuming  that  the  servo,  so  far  only  tacitly  a  part  of  the 
instrument,  has  no  long-term  memory;  i.e.  the  electronics  transfer  function  is  a  constant 
at  d.c.  (the  idea  of  using  servos  with  memories  in  connection  with  gyros  is  an  interesting 
separate  research  area  which  we  have  studied  and  designed  into  our  latest  SAP  and  P1GA 
servos).  The  terms  of  interest,  which  must  balance,  are 

IOAOAP  ^AF  =  _WIAF  H  • 

If  a  constant  angular  acceleration  about  the  output  axis  of  the  float  occurred,  the  gyro 
would  "drift”  with  respect  to  inertial  space  about  its  input  axis  at  a  rate  given  by 


^AF 


-  ^OAOAF 


%AF 


This  particular  phenomenon  has  been  reported1*. 


2. 4  Instrument  Servo  Design 

Many  servos  for  gas  output  axis  suspension  gyro  instruments  have  brer  designed  at 
MSFC;  however,  the  problem  was  still  of  interest  because,  in  designing  such  a  large  amount 
of  angular  momentum  (approximately  2.5  x  io*  g  cm‘/s)  into  so  small  a  package,  the  ratios 
of  the  various  parameters  are  very  different  from  those  in  eny  rrevious  design.  The  ana¬ 
lytical  model  actually  used  in-house  for  numerical  design  purposes  is  discussed  here  for 
the  first  time  to  the  best  of  our  knowledge;  however,  many  more  simplified  versions  are 
commonly  known.  Not  nearly  as  detailed  as  the  error  model,  the  mathematical  model  used 
for  servo  and  synthesis  is  developed  from  the  following  set  of  linearized  (small  angular 
motion)  equations  (see  Notation): 

(a)  Torque  equation  assuming  a  torque  applied  to  the  cradle  input  axis; 

d*<* 

Ta  =  Jag  +  *  #>  • 

(b)  Torque  equation  about  the  float  input  axis: 

d2#  d/3 

(c)  Torque  equation  about  the  output  axis  of  the  float: 

iV  of 

T*  =  3?  ‘  \7  • 
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The  usual  techniques  of  servo  analysis  yield  the  following  transfer  function  for  the  mech¬ 
anical  portions  of  the  loop. 


The  output  axis  angle  /3  is  sensed  by  a  signal  generator,  which  produces  an  amplitude 
modulated  voltage.  A  detector  is  used  to  convert  the  signal  generator  output  to  d.c.  and 
to  lower  its  impedance  level.  This  signal,  filtered  to  remove  most  of  the  ripple,  is  then 
used  to  drive  a  compensation  network,  which  is  mechanized  by  the  use  of  operational  ampli¬ 
fiers.  The  output  from  the  compensation  network  is  used  as  the  input  signal  to  a  pulse- 
width  power  modulator  which  has  low  equivalent  output  impedance,  reasonably  linear  input- 
output  voltage  characteristics,  and  small  threshold  values.  A  block  diagram  of  this  sys¬ 
tem  is  shown  in  Figure  5.  A  time  constant  is  included  in  the  description  of  the  d.c. 
torquer  because  of  the  low  output  impedance  of  the  pulse-width  power  modulator  and  the 
rather  high  natural  frequencies  of  the  SAP. 

It  is  of  interest  to  note  that,  if  the  torsional  stiffness  of  the  gas  suspension  bearing 
had  been  assumed  infinite,  as  has  been  done  in  previously  published  accounts,  only  one 
natural  frequency  would  appear  in  the  SAP  description;  for  this  case,  that  frequency  is 
on  the  order  of  520  rad/s  (83  Hz).  This  contrasts  to  the  two  natural  frequencies  in  the 
description  previously  given  (assuming  a  finite  torsional  stiffness),  the  lowest  of  which 
is  431  rad/s  (68.  5  Hz) . 

The  compensation  design  must  assure  loop  stability  (all  real  parts  of  the  roots  of  the 
characteristic  polynomial  corresponding  to  the  system  must  have  negative  real  parts)  and 
achieve  a  rationally -based  minimum  loop  stiffness  (to  assure  physical  maintenance  of  the 
instrument’s  float  to  case  alignment).  The  actual  form  of  the  system’s  transient  response 
is  not  too  important  as  long  as  the  settling  time  is  short.  A  lower  bound  on  the  d.c.  loop 
stiffness  was  established  by  assuming  a  cradle  unbalance  torque  of  45  g  cm  in  a  lg  field 
and,  hence,  450  g  cm  in  a  lOg  field,  which  is  the  maximum  design  value  of  rectilinear 
acceleration  used  for  Saturn.  This  requires  a  d.c.  loop  gain  of  7  x  io3  per  second. 

Because  the  breadboard  SAP  had  a  much  higher  friction  level  than  anticipated,  both  servo 
redesign  and  trunnion  bearing  preload  adjustment  were  necessary.  At  this  point,  an  active 
integrator  was  incorporated  in  the  servo-loop  electronics  by  using  integrated  operational 
amplifiers  and  a  loop  gain  of  1.55  x  10“  s"3  was  achieved. 

These  overall  requirements,  combined  with  the  necessity  to  avoid  a  conditionally  stable 
loop  in  the  linear  mode,  because  conditional  stability  in  the  linear  mode  easily  leads  to 
limit  cycle  behavior  during  the  Initial  nonlinear  synchronizing  mode,  are  sufficient  to 
Initiate  a  design  cycle  based  on  the  classical  root  locus  and  Nyquist/Bode  methods.  Since 
these  thoroughly  practical  methods  require  insight  and  intuition,  tempered  by  as  much 
experience  as  possible,  we  will  merely  exhibit  the  pole-zero  plot  (Fig.  6)  which  resulted 
from  the  design  Iterations.  This  design  results  in  a  bandwidth  around  the  loop  of  approx¬ 
imately  100  Hz.  This  bandwidth  is  required  because  of  the  high  natural  frequencies  of  the 
gyro.  The  electronic  mechanization  of  the  compensation  used  with  the  breadboard  (which  it 
is  felt  would  probably  be  typical  of  flight  systems)  employs  two  commercially  available 
operational  amplifiers,  although  one  of  these  is  used  to  provide  a  telemetry  pickoff  point 
and  therefore  could,  in  principle,  be  eliminated.  This  design  works  well  and  yields  a 
loop  settling  time  of  approximately  80  ms  to  a  pulse  disturbance  (Fig. 7).  Further  refining 
could  always  be  done  in  designing  future  systems. 
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3.  LABORATORY  INVESTIGATIONS  WITH  BREADBOARD  SAP 

Upon  completion  of  the  breadboard,  it  was  necessary  to  design  an  experiment  to  verify 
the  SAP’s  inertial  sensing  behavior.  The  central  piece  of  laboratory  equipment  used  was 
a  heavy  duty,  precision  drive,  rate  table.  The  table  is  accurately  oriented  with  respect 
to  the  earth's  polar  axis  so  that  its  precision  rate  driven  axis  is  adjustable  (by  hand) 
in  the  north -vertical  plane.  As  supplied  by  the  manufacturer,  this  table  was  accurately 
instrumented  only  up  to  200  earth’s  rate;  however,  instrumentation  was  added  to  make  it 
accurate  up  to  a  table  rate  of  10  deg/s.  This  value,  while  still  short  of  the  design 
maximum  of  1  rad/s.  was  at  least  only  half  an  order  of  magnitude  low.  The  next  step  in 
this  type  of  testing  is  to  assume  some  form  of  regression  expression  and  then  to  determine 
if  this  expression  adequately  accounts  for  the  gyro  behavior.  The  expression  chosen  is 
(see  Notation) 

D  =  Mc  +  Mep  g0A  +  Muby  gIA  +  Mubz  gRA  +  Kja^  +  K2OfcA  +  K3^  +  K4w0A^A  +  K5^A2  . 

The  first  four  terms  are  those  most  often  used  in  describing  gyros  intended  for  platform 
use  (perhaps  one  should  add  the  anisoelastic  term,  Eq8IA8RA  •  as  we  *111  probably  do  in 
future  SAP  testing).  The  fifth,  sixth,  and  seventh  terms  were  included  to  account  for  and 
evaluate  the  overall  alignment  of  the  test  set-up.  The  effects  of  these  terms  should  not 
be  charged  against  the  intrinsic  gyro  or  instrument  accuracy  because  they  may  be  made 
negligible  by  either  mechanical  or  computational  realignment,  or  both.  The  last  two  terms 
are  those  predicted  for  the  SAP  from  the  original  look  at  Euler’s  equation  applied  to  the 
gyro  float. 

Since  MSPC’s  normal  method  of  determining  the  M  coefficients  is  to  place  the  basic  gyro 
in  a  planetary  stand,  isolated  from  earth’s  rate,  no  effort  was  made  to  design  into  the 
test  set-up  a  really  significant  determination  of  these  coefficients.  Rather,  attention 
was  focused  on  determining  the  K  coefficients,  which  evaluate  phenomena  unique  to  the 
SAP  application.  For  these  tests,  the  rate  table  rotation  axis  was  permanently  aligned 
parallel  to  the  earth’s  polar  axis.  After  some  experimentation,  34  combinations  of  angular 
rate  and  gravity  vectors,  referred  to  the  float,  were  chosen  to  yield  the  data  for  coeffi¬ 
cient  evaluation.  These  positions  are  tabulated  in  Table  III;  note  that  only  in  positions 
33  and  34  does  gIA  enter  into  the  drift  measurement  (which  la  why  these  two  p  .it ions 
appear).  The  other  positions  give  combinations  of  values  to  the  remaining  terms.  The  high 
resolution  (19-bit)  encoder  worked  very  well  compared  to  a  16-bit  encoder  which  was  tried 
in  the  first  test  series.  Test  time  in  each  position  was  only  7.2  minutes. 

Topical  results  of  the  regression  fits  are  tabulated  in  Table  II.  In  general,  the 
experimental  accuracy  improved  with  time.  The  most  important  error-causing  factor  was 
temperature.  It  was  discovered  that  the  first  tests  of  this  series  had  been  started 
before  the  glmbal  had  temperature-stabilized  in  its  thermal  cover.  When  the  cover  was 
removed  and  the  glmbal  was  exposed  to  room  temperature  only,  the  error  was  reduced  by  a 
factor  of  about  four.  Gas  pressure  was  controlled  to  a  nominal  103  N/m*  (and  readjusted 
each  day  on  the  same  highly  accurate  gage  to  103  N/m*),  Some  g  terms  became  significant 
and  the  misalignments  were  usually  highly  significant.  The  last  two  terms,  however,  were 
never  significant  at  the  95%  confidence  level.  The  statistically  significant  values  were 
usually  very  repeatable. 

Tests  were  made  in  the  given  sequence  most  of  the  time;  however,  one  set  was  run  back¬ 
wards  and  one  was  randomized,  but  the  results  were  not  much  different  from  the  other  tests. 
The  best  tests  have  correlation  coefficients  of  over  0.96  and  standard  errors  of  estimate 
less  than  0.1  deg/hr.  As  is  our  standard  practice,  gyros  were  not  recalibrated  between 
runs  nor  was  any  output  axis  torquer  used  at  any  time  during  the  tests. 

These  data  represent  very  literally  the  first  runs  made  on  a  new  instrument  being  tested 
by  new  procedures  for  new  phenomena.  There  has  not  yet  been  time  for  a  long  hard  look  at 
these  data  that  are  so  necessary  and  productive  in  the  long  run.  The  program  is  progressing 
as  expected  and  considerably  more  data  will  become  available  as  additional  SAP's  finish  the 
fabrication  cycle  and  are  tested  in  our  inertial  laboratory. 
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4.  FUTURE  PLANS 

Future  plans  call  for  a  two-phase  experimental  program  backed  by  a  continuing  analytical 
effort.  The  first  phase  of  the  experimental  program  calls  for  the  assembly  and  sled  test 
of  a  complete  IMU,  without  the  transformation  computer.  Mock-ups  of  the  IMU  are  shown  in 
Figures  8  and  9.  The  outcome  of  this  test  series  will  provide  both  flight  qualification 
testing  of  the  IMU  and  raw  instrument  output  data,  which  are  desired  for  the  computer 
development. 

After  completion  of  the  sled  program,  it  is  planned  that  the  IMU  will  be  mated  to  its 
companion  coordinate  transformation  computer  and  further  rigorous  testing  will  be  pursued. 

Some  improvements  in  the  instrument  design  details  are  anticipated  but  no  major  re¬ 
designs  within  the  present  experimental  program  are  expected.  Continuing  development  of 
engineering  simulation,  data  recovery,  and  reduction  software  are  programmed. 

As  an  exercise  in  determining  the  growth  potential  of  this  concept  with  second  genera¬ 
tion  instruments  designed  from  the  beginning  for  this  application,  a  layout  was  made  of  an 
advanced  IMU.  The  resulting  mock-up  is  shown  in  Figure  10. 


5.  CONCLUSIONS 

The  work  accomplished  under  MSFC's  direction  since  1964  has  established  that  there  are 
no  analytical  reasons  barring  booster  navigation  utilizing  SAP’s  and  PIGA’s  as  strapdown 
inertial  instruments.  Simulations  have  demonstrated  that,  for  injection  into  a  185  km 
circular  orbit,  accuracies  competitive  with  platform  derived  navigation  data  are  attain¬ 
able. 

It  has  also  been  realized  that  actual  flight  tests  are  needed  to  completely  validate 
the  assumptions  used  in  the  analysis.  One  of  the  moat  important  areas  in  which  it  is 
necessary  to  gather  flight  data  is  that  of  the  rotational  vibration  environment.  These 
data  are  needed  for  further  investigations  into  its  effect  on  the  Instruments. 

MSFC’s  choice  of  Instruments  has  been  shown  to  be  a  good  choice  for  booster  navigation. 
The  results  obtained  from  the  MSPC  developed  methods  of  testing  the  SAP’s  and  PIGA's,  the 
accompanying  error  models,  and  the  numerical  results  of  the  reduction  do  not,  to  date, 
exhibit  any  anomalies. 
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TABLE  I 

Error  Sensitivities  Relating  Various  Inertial  Sensor  Errors  to  Perigee  Altitude  Error. 
Mission  Profile:  Two  Stage  Ascent  to  Nominal  Circular  Orbit  of  185  km  Altitude 


Error  Source 

Name 

Error  Source 
Unit  Value 

Perigee  Altitude 
Error  ( meters ) 

Roll  axis  accelerometer  bias 

10* 5  g 

180 

Yaw  axis  accelerometer  bias 

10* 5  g 

96 

Roll  axis  accelerometer  scale  factor 

10* 5  parts/part 

295 

Yaw  axis  accelerometer  misalignment 

1  arc  sec 

71 

Initial  system  misalignment  around 
pitch  axis 

1  arc  sec 

71 

Constant  drift  rate  around  pitch  axis 

1  deg/hr 

20, 000 

g-dependent  drift  of  the  pitch  axis  gyro 

1  deg/hr  g 

31,000 

D 


TABLE  III 

SAP  Test  Input  Conditions 

(Test  No.  versus  Acceleration  and  Angular  Rate  Input) 


M  + 

c 

Mcp  gQA 

♦  Muby 

♦  Mubx  gR  ^ 

♦  K  * 
lOA 

+  Vra 

♦  K  *  * 
3  1 

VoA^RA  + 

K5-RA 

1 

0 

0 

0.5686 

0 

-0.831 

-0.831 

0 

0.69 

2 

0 

0 

0.5686 

0 

0.840 

0.840 

0 

0.71 

3 

0 

0 

0.5686 

(I 

-9.988 

-9.988 

0 

99.76 

4 

0 

0 

0.5686 

0 

9.982 

9.982 

0 

99.64 

5 

0.4021 

0 

0.4021 

-0.588 

-0.588 

-0.831 

0.35 

0.35 

6 

0.4021 

u 

0.4021 

0.594 

0.594 

0.840 

0.35 

0.35 

7 

0.4021 

0 

0.4021 

-7.063 

-7.063 

-9.988 

49.89 

49.89 

8 

0.4021 

0 

0.4021 

7,058 

7.058 

9.982 

49.81 

49.81 

9 

0.  *>686 

0 

0 

-0.931 

0 

-0.831 

0 

0 

10 

0.3686 

0 

0 

0.840 

0 

0,840 

0 

0 

11 

0.5686 

0 

0 

-9.988 

0 

-9.988 

0 

0 

12 

0.5686 

0 

0 

9.9*2 

0 

9.982 

0 

0 

13 

0.4021 

0 

-0.4021 

-0.588 

0.588 

-0.831 

-0.35 

0.35 

14 

0.4021 

0 

-0.4021 

0.594 

-0.594 

0.840 

-0.35 

0.35 

15 

0.4021 

0 

-0.4021 

-7.063 

7.063 

•9.988 

•49.89 

49.89 

18 

0.4021 

0 

-0.4021 

7.058 

-7.058 

9.982 

•40.81 

49.81 

17 

0 

0 

-0.56*6 

0 

0.831 

-0.831 

0 

0.69 

18 

0 

0 

-0.5686 

0 

-0.840 

0.840 

0 

0.71 

19 

0 

0 

-P.3688 

0 

9.988 

-9.988 

0 

99. 76 

20 

0 

0 

-0.5686 

0 

-9.982 

9.982 

0 

99.84 

21 

•0.4021 

0 

-0. 4021 

0.588 

0.588 

-0.831 

0.35 

0.35 

22 

-0.4021 

0 

•0.4021 

•0.594 

•0.594 

0.640 

0.35 

0.35 

23 

•0.4021 

0 

-0.4021 

7.083 

7.063 

-9. 986 

49.89 

49.69 

24 

-0.4021 

0 

•0.4021 

-7.088 

-7.058 

9.982 

49.81 

49.81 

25 

•0.5888 

0 

0 

0.831 

0 

-0.831 

0 

0 

28 

•0.5898 

0 

0 

-0.840 

0 

0.840 

0 

0 

27 

•0.5888 

0 

0 

9.988 

0 

•9.989 

0 

0 

28 

-0.5888 

0 

0 

•9.982 

0 

9.982 

0 

0 

29 

•0.4021 

0 

0.4021 

0.589 

•0.368 

•0.831 

-0.35 

0.35 

30 

-0.4021 

0 

0.4021 

•0.594 

0.594 

0.840 

-0.35 

0.35 

31 

-0.4021 

0 

0.4021 

7.083 

-7.083 

•9.988 

-49.69 

49.99 

32 

•0.4021 

0 

C.4021 

-7.058 

7.058 

9.902 

•49.81 

49.81 

33 

0 

0.8227 

0.5888 

0 

0 

0 

0 

0 

34 

0 

•0.8227 

-0.5888 

0 

0 

0 

0 

0 

Error  Coefficient* 
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Fig.l  Perigee  altitude  error  resulting  from  degradation  of  gyroscope  and  initial  align¬ 
ment  accuracies.  .(Based  cn  typical  state-of-the-art  high  performance  systems) 
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Fig. 2  Perigee  altitude  error  resulting  from  degradation  of  accelerometer  accuracies. 
(Based  on  typical  state-of-the-art  high  performance  systems) 
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Fig.  5  Strapdown  instrument  servo 


Fig. 6  Instrument  servo  root  loci 


Fig. 7  SAP  servo  transi 


DESCRIPTION  OP  A  STRAPDOWN  INERTIAL  MEASUREMENT  UNIT 

by 

Joseph  Yamron 

United  Aircraft  Corporate  systems  Center, 

Farmington,  Connecticut,  USA 
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SUMMARY 


A  strapdown  inertial  reference  package  has  been  developed  for  space 
vehicles  based  on  single -degree -of -freedom  instrumentation.  A  number  of 
these  packages  have  been  built  for  the  Lunar  Module’s  Abort  Guidance  Sys¬ 
tem.  Production -acceptance  test  data,  which  include  both  periodic  calibra¬ 
tion  sequences  and  environmental  tests  and  data  acquired  in  connection  with 
sled  testing  at  Holloman  Air  Force  Base,  are  reviewed.  Error  sources  are 
examined  for  boost  operations.  Development  problems  encountered  to  date 
are  highlighted  and  an  assessment  is  made  of  strapdown  applications. 
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DESCRIPTION  OF  A  STRAPDORN  INERTIAL  MEASUREMENT  UNIT 

Joseph  Yaaron 


1.  INTRODUCTION 

For  many  years,  ginballed  platforns  have  been  synonyno  is  with  inertial  navigation. 
Although  strapdown  components  have  been  used  from  the  earliest  days  of  aviation  in  control 
systems,  the  problem  of  continuously  measuring  high  rates  and  electronically  performi.ig 
base  motion  isolation  has  been  a  formidable  one  indeed.  The  development  of  small,  high 
speed  digital  computers  reopened  the  possibility  of  producing  a  strapdown  system.  In  1950. 
United  Aircraft  Corporation  undertook  to  examine  the  feasibility  of  building  a  high  per¬ 
formance  inertial  guidance  system  using  strapdown  single-degree -of -freedom  instruments. 

In  1963,  under  Air  Force  sponsorship,  a  system  aimed  at  boost  applications  was  successfully 
demonstrated  in  the  laborator-  and.  in  1964,  the  development  of  the  Abort  Sensor  Assembly 
for  NASA’s  Lunar  Module  was  begun  by  United  Aircraft  Corporation. 

During  the  course  of  these  efforts,  a  new  test  methodology  and  test  equipment  had  to  be 
developed.  Analysis  and  simulation  techniques  were  given  extensive  early  attention,  and 
these  test  and  analytical  tools  were  then  brought  to  bear  on  the  design  of  instruments  and 
electronics  to  evolve  the  current  system.  Much  of  this  work  has  been  reported  in  the 
literature.  Fbur  complete  generations  of  hardware  have  been  produced  and  enough  data 
accumulated  so  that  this  art  can  now  be  use  seed.  The  long-held  view  that  strapdown  sys¬ 
tems  were  impractical  because  of  hidden  dynamic  effects  on  the  one  hand  and  impossible 
computation  problems  on  the  other  was  dispelled.  The  effects  of  temperature  were  found  to 
be  predictably  critical,  and  long-term  stability  had  to  be  traded  off  against  the  problems 
of  calibration  and  alignment.  The  computer  interfaces,  in  a  vehicle  system  where  the  strap- 
down  computation  was  only  one  of  many  tasks,  bad  to  be  evaluated  as  part  of  this  development 
program.  This  paper  is  concerned  primarily  with  recent  performance  data  on  strapdown 
inertial  packages  which  have  resulted  from  this  effort. 


«.  DISCUSSION  OF  TOE  FACRA6C  0ESI6N 
1. 1  Package  Description 

The  etrapdown  inertial  measurement  unit  <SDIW)  is  a  self-contained  assembly  designed 
to  sense  incremental  displacements  about  the  vehicle  axes  and  velocity  Increments  along  the 
vehicle  axee.  and  transmit  these  signals  in  the  fora  of  discrete  pulses  to  a  digital  flight 
computer  in  order  to  perfora  the  functions  of: 

(i)  Calibration  and/or  alipuwnt. 

(ill  Attitude  determination  (base  motion  isolation  transformation  matrix). 

(ill)  Navigation. 

(iv)  Vehicle  control. 

(V)  Outdance. 

The  8DIMU  suet  accurately  measure  angular  and  linear  mot  lorn  akile  subjected  to  powered 
limit  cycle  and  free  fall  environments  during  the  conn*  of  its  mission.  For  the  burner 
Module  Abort  (tensor  Assembly  (LM/ASA).  it  has  the  following  characteristic*: 


74 

Size:  623  cubic  inches  (with  Mounting  feet). 

Weight:  20.7  pounds. 

Steady -State  Power  (vacuum  environment):  74  watts. 

Operating  Life:  5000  hours  with  maintenance 

1000  hours  without  maintenance. 

Reliability  Goal:  0.9991. 

Dynamic  Range:  28  degrees/second  angular  rate 

100  feet/second2  linear  acceleration. 

Resolution:  2* 14  radians/pulse  fir  3  arc  seconds)  angular  displacement 
-  0.003  feet/second  velocity  increment  per  pulse. 

The  assembly  as  shown  in  Figure  1  consists  of  three  UACSC  RI-1139  floated,  rate  integ¬ 
rating.  single-degree-of -freedom  gyros;  three  Bell  VIIB  pendulous  accelerometers  and 
their  associated  pulse  torquing  electronics;  a  frequency  count-damn  subassembly;  a 
temperature  controller  unit;  computer  interface  electronics;  and  an  integral  power  supply. 

Both  the  gyro  and  the  accelerometer  selected  for  the  SOI M0  operate  on  a  torque  balance 
principle.  In  the  gyros,  electromagnetic  torquers  are  used  to  balance  gyroscopic  input 
torque.  The  average  current  in  the  torquers  is  equivalent  to  angular  rate,  and  pulses  (or 
time-modulated  increments)  of  current  are  equivalent  to,  and  used  to  indicate,  angular 
Increments.  Similarly  in  the  accelerometer,  current  is  used  to  generate  a  torque  that 
opposes  pendulous  torquers  caused  hy  acceleration  (or  gravitation).  The  average  current 
level  is  proportional  to  acceleration,  and  pulses  of  current  are  counted  to  measure  incre¬ 
ments  of  velocity.  All  of  the  sensors  contain  torquera  with  permanent  magnet  stators  for 
use  with  the  pulse  torque  servo  amplifiers  (PISA‘s). 

The  frequency  countdown  subassembly  provides  precise  timing  and  reference  signals  for 
both  the  PTSA*s  and  the  gyro  wheels.  The  temperature  controller  provides  warmup  and  fine 
control;  no  Instrument  heaters  are  employed.  The  fine  temperature  controller  utilises 
two  temperature  sensors  mechanically  located  in  optimum  sensing  locations,  electrically 
in  diagonal  legs  of  a  bridge,  to  detect  temperature  variations  within  the  ASA  housing,  and 
stabilises  its  temperature  by  applying  power  to  two  heaters  on  the  housing.  The  housing 
thermal  conduction  end  gradient  patterns  are  analysed  and  synthesised  in  the  mechanical 
design  process  to  create  for  the  sensors  an  optimum  thermal  environment  with  minimum 
comp  lei  ity. 

All  electronics  are  microminiaturised,  utilising  fully  qialified  integrated  circuitry 
for  minimum  weight  and  maximum  reliability.  The  packaging  density  that  has  been  achieved 
is  quite  high  for  this  type  of  equipment.  The  pulse  torquing  amplifiers  provide  sensor 
readout  with  as  accuracy  that  approaches  the  sensor  itself.  These  amplifiers  furnish 
constant  power  to  the  sensor  torquer  to  give  the  best  passible  sensor  stability.  The  net 
current  delivered  to  the  sensor  is  a  function  of  the  input,  ebile  the  power  is  independent 
of  the  input;  equal  negative  and  positive  currents  are  delivered  to  the  torquer  when  the 
inertial  input  la  aero.  The  rebalance  electronics  include  an  output  switching  circuit 
that  approaches  the  capability  of  mechanical  switches  (e.g.  the  ratio  of  open-circuit 
resistance  to  closed -circuit  resisunce  is  in  the  order  of  10*>.  The  error  caused  hy  the 
circuit  is  related  to  the  full  scale  torquing  rate  by  this  ratio  A  system  with  a  2C -degree/ 
second  (100.000  degree/hour)  anxisun  input  rate  thus  can  expect  to  have  an  electronic 
circuit  equivalent  gyro  drift  rate  of  0.01  degree/bour. 

A  feature  of  this  design  is  that  although  the  switching  rate  is  held  at  I  he,  an 
information  rate  oi  04  kc  is  achieved.  In  the  case  of  the  accelerometer,  increasing  the 
switching  rate  will  minis  las  vibropendulous  errors.  A  switching  rate  of  1  he  was  selected 
for  both  instruments,  however,  for  simplicity. 
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The  sensor  loop  implemented  in  the  strspdown  package  is  shorn  in  Figure  2.  It  utilizes 
a  fora  of  time  aodulation  to  provide  the  rebalancing  current  for  the  sensor. 

2.2  Key  Development  Problem 

About  30,000  hours  of  testing  were  accomplished  on  several  programs  prior  to  the  release 
of  the  production  design  for  the  LM/ASA.  Since  then  an  additional  70,000  hours  have  been 
accumulated  on  the  production  hardware.  Early  in  1967  a  modified  version  of  the  ASA  was 
tested  on  the  rocket  sled  at  Holloman  Air  Force  Base. 

The  development  of  the  gyro  and  its  rebalance  electronics  had  first  priority.  Ibis 
mechanization  has  been  treated  by  Scovllle  and  Tamron 1  and  further  by  Scovllle2.  The  gyro 
design  was  intended  for  pulse  torqued,  high  rate  operation  from  its  Inception,  and  the 
principal  requirement  for  this  design  was  to  provide  excellent  torquer  stability  in  con¬ 
junction  with  high  sensitivity. 

The  torquer  stability  was  obtained  by  minimization  of  the  sensitivities  of  torquer  scale 
factor  to  axial,  radial,  and  rotational  motions  of  the  float.  Figure  3  depicts  scale 
factor  stability  obtained  on  a  group  of  20  production  gyros.  A  V  value  of  2  ppm  ia 
evident.  Figure  4  plots  gyro/PISA  scale  factor  stability  veraus  time  for  the  three  gyros 
in  the  slide-tested  unit.  The  average  7P  value  for  a  5tt  month  period  is  72.8  ppm. 

One  interesting  problem  was  a  nonlinearity  caused  hy  the  magnetic  tine  conatant  of  the 
torquer.  that  is,  a  lag  between  the  rise  of  currant  in  the  torquer  and  the  rise  of  flux  in 
the  air  gap  retarded  by  eddy  currents  in  the  torquer  frame.  In  the  first  model  of  the 
gyro  the  value  of  tbia  tiae  constant  was  over  250  milliseconds,  which  seriously  compromised 
the  linearity  of  the  scale  factor  at  rates  over  0.33  radians/second.  This  was  minimised 
by  designing  a  slotted  low  resistance  torquer  frame  which  afforded  a  factor -of -three 
reduction.  Figure  5  illustrates  the  excellent  linearity  achieved  on  an  early  gyro/PISA 
channel. 

A  atrapdown  gyro  must  have  a  high  damping  coefficient  in  order  to  restrict  float  motion. 
Initially,  this  proved  quite  troublesome  la  the  LM/ASA  Program.  A  fluid  with  two  components 
of  different  density  had  been  chosen  to  meet  certain  low  temperature  aspects  of  the  spec¬ 
ification.  To  achieve  high  viscosity,  a  fluorocarbon  was  blended  with  a  viscosity  improver. 
Tbernogravitatlonal  diffusion  separation  of  the  two  components  into  discrete  density  layers 
resulted  in  ansa  unbalance  torques.  The  drift  rate  aaaoclated  with  this  effect  ia  inversely 
proportional  to  viscosity.  The  major  effect,  however,  takes  place  once  separation  has 
occurred  and  a  given  orientation  of  the  instrument  is  established.  A  drift  will  be  experi¬ 
enced  Aenever  the  gyro’s  orientation  with  respect  to  gravity  is  changed.  The  tins  re¬ 
quired  for  this  drift  to  settle  out  will  be  a  function  of  viscosity  and  the  difference  in 
density  of  the  fluid  components,  it  nay  vary  from  several  hours  to  a  few  seeks,  fees 
calibration  is  not  practical  for  days  or  weeks  before  flight,  however,  the  problem  can 
become  severe.  «y  storing  the  gyros  at  high  temperature  (to  accelerate  the  diffusion) 
prior  to  mass  unbalance  trim,  and  by  using  s  preferred  package  orientation  in  the  storage 
container,  this  problem  is  minimi  ted.  Incorporation  of  a  narrow  cut.  single  component 
fluid  eliminates  the  difficulty  altogether.  10  complete  the  argument,  an  experiment  ass 
conducted  with  a  gyro  using  a  viscosity  improver  of  the  sane  density  as  the  fluorocarbon, 
and  no  such  effect  was  observed. 

A  vexing  problem  peculiar  to  strapdowa  operation  was  uncovered  during  the  early  develop¬ 
ment  testing  of  a  complete  system  on  a  c eat rl fuse.  As  apparent  drift  rate  ia  the  base 
motion  matrix  calculations  duriag  the  dynamic  rate  environment  occurred  due  to  dissimilar 
bandeidth  characteristics  of  the  gyro  channel  loops.  This  effect  was  analysed  as  a 
pseudo -coaiag  drift  rate  is  one  chasms  1  an  s  result  of  phase  mismatch  in  the  other  two 
channels  ahem  the  latter  experienced  sinusoidal  inputs.  Figure  6  illustrates  the  relation¬ 
ship  of  the  paewdo -coming  drift  am  a  function  of  channel  (base  mismatch  sad  sinusoids) 
rate  amplitudes,  because  of  this  error  source,  all  gyro  chasms  Is  are  trimmed  brin  is- 
lias  testing  to  be  withis  a  narrow  hand  at  low  freqesacies. 
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The  RI ->1139  gyro  was  optimized  to  control  Input  axis  stability  by  the  use  of  25- 
■icrolnch  clearance,  pivot-jewel  output  axis  bearings.  Also,  the  equalization  of  tne 
inertia  of  tbe  gyro  float  for  axes  in  the  plane  noraal  to  the  output  axis  was  incorporated. 

The  accelerometer  u*.  It  led  in  tbe  SD1MU  is  the  Bell  Aerospace  Corporation  Model  VIIB 
■ingle-axis,  pendulou,,  permanent -Basnet,  pulse-rebalanced  unit.  In  pulse  torquing  opera¬ 
tion,  tbe  torquer  is  operated  at  a  voltage  above  ground  which  creates  a  difference  of 
potential  between  the  pendulun  and  tbe  sensing  capacitor  pick-off  plates.  The  torquer 
coll  la  wound  on  tbe  pendulua.  Ibis  results  in  a  force  of  attraction  which  disturbs  tbe 
initial  trlaaed  'Electrostatic  null  position”  away  froa  the  aechanical  null.  The  bias 
la  perturbed  until  the  charge  la  bled  off  each  tine  the  unit  is  energized.  This  problea 
was  initially  corrected  through  the  use  of  trla  capacitors.  A  superior  aethod  uses  bleed 
resistors  placed  in  the  capacitance  bridge  circuit.  These  resistors  decrease  the  bias 
sensitivity  to  a  negligible  value  and  iaprove  turn-on  tlae  to  reach  steady-state  outputs. 

2.3  Error  Sources 

The  perforaance  of  a  strapdown  inertial  reference  package  is  contingent  upon  the  aagni- 
tude  of  errors  froa  these  principal  sources: 

(1)  Initial  allgnaent  procedure. 

(li)  Sensor  aeasureaents. 

(ill)  Coaputational  algorlthas. 

The  errors  in  the  allgnaent  procedure  are  associated  with  local,  unknown  anoaalles  and 
noise  at  the  launch  site,  and  aeasureaent  errors  in  optical  and  other  launch  site  inatru- 
aentatlon.  as  well  as  the  sensor  errors. 

The  errors  in  the  sensor  aeasureaents  are  functions  of  tlae,  teaperature.  voltage,  and 
environaent.  The  sensor  errors  can  be  categorised  as  quasi-steady  linear  accelerations 
and  angular  rates  of  tbe  vehicle,  lhe  gyro  error  aodel  which  has  been  used*  includes 
non -g -sensitive  drift  (bias),  g -sensitive  drifts  (naan  unbalance),  scale  factor  errors, 
and  gyro  input  axis  sisal  Unseats.  the  acceleroaeter  error  nodel  includes  bias,  scale 
factor  errors,  and  acceleroaeter  input  axis  nisallpiaent.  the  object  of  the  calibration 
procedure  is  to  detetalne  the  sensor  error  aodel  coefficients  in  order  to  sake  possible 
in-flight  coapenaatloo  of  the  errors.  A  quasi -steady  error  budget  for  a  boost -type 
alssloa  suet  describe  not  only  the  basic  accuracy  of  the  sensors  (or  of  the  coape  neat  ion) 
hot  also  the  tlae  stability  of  the  particular  terns. 

Once  the  aenaor  package  has  been  noun ted  in  the  vehicle.  Boat  calibration  coefficients 
cannot  be  found,  since  the  strapdown  calibration  procedure  requires  the  placing  of  the 
seaaor  package  in  a  nuaber  of  prescribed  orientations  relative  to  a  reference  rate  vector 
sad  the  local  gravity  vector,  flood  loog-tera  stability  of  the  sensor  perforaance  coeffici¬ 
ents  is  essential. 

A  partial  calibration  or  the  strapdoea  ays  tea  can  be  accoapllsbed  on  the  vehicle  in 
conjunction  with  the  allgaaeat  of  the  coaputational  true  to  the  local  earth  coordinate 
fraae  of  the  launch  point.  Various  procedures  for  aechaaisiag  on -the -pad  allgnaent  of  a 
atrapdcvc  inertial  reference  package  can  be  used.  These  include  pure  optical  allgnaent. 
acceleroaeter  leveling  plus  optical  asumth  allgaaeat.  and  self-contained  (gyrocoagasslns) 
allgnaent  acbeaes.  The  terse  that  are  calibrated  are  the  biases  of  the  two  gyros  (gen¬ 
erally  pitch  and  yaw)  whose  input  axes  at  launch  are  noalaally  vertical,  and  the  biases 
of  the  two  level  ncceleroseters.  la  the  optically  aided  allgaaant  schenes  the  gyro  biases 
are  automatically  obtained,  whereas  in  the  aelf-ccntnined  alignment  they  are  byproducts 
of  the  leveling  loops-  In  both  cases,  the  acceleroaeter  biases  ess  be  obtained  by  filter¬ 
ing  the  system  velocity  outputs  during  a  short  period  of  navigation  on  the  pad. 

Table  I  lists  the  dynamic  error  aoureee.  the  eqsntloae.  sad  the  coefficients. 
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Evaluation  of  these  dynaaic  error  sources  requires  knowledge  of  the  alssion  vibration 
environment  and  the  specific  sensor  channel  electronic  loop  characteristics.  In  the 
design  of  a  strapdown  inertial  reference  package,  many  of  the  requireaents  with  regard  to 
total  system  performance  can  be  related  directly  to  the  requireaents  of  the  Individual 
sensor  loop  dynaaic  response  characteristics.  A  qualitative  suasiary  of  the  aajor  factors 
which  Influence  the  overall  design  of  a  particular  strapdown  sensor  loop  configuration  in 
light  of  aission  requireaents  can  be  Bade  as  follows: 

(i)  The  requirement  on  dynaaic  rectification  errors  due  to  vibratory  inputs  imposes  a 
limitation  on  the  coapensation  network  and  electrical  gain  at  the  frequencies  of 
the  expected  vibrations.  This  implies  that  the  closed  loop  float  (pendulua) 
motions  be  kept  to  a  minimum  at  these  expected  frequencies.  In  the  ASA.  the  H39B 
float  motion  is  held  to  about  20  arc  seconds;  the  pendulua  in  the  Bell  VIIB 
accelerometer  moves  only  about  60  arc  seconds. 

(ii)  The  requireaents  for  the  tracking  error,  both  steady -state  and  transient,  imply  a 
relatively  high  electrical  gain  to  yield  fast  responding  loops. 

Besides  the  individual  sensor  loop  dynaaic  errors,  total  systea  dynaaic  errors  can  exist 
due  to  the  simultaneous  processing  of  sensor  outputs  during  vibrational  inputs,  and  due  to 
the  noncoincidence  of  the  sensor  package  with  the  center  of  mass  of  the  vehicle.  The 
functional  forms  of  these  type  errors  are  also  included  in  Tfcble  1. 

The  coaputatiooal  errors  associated  with  a  strapdown  package  present  no  basic  limitation 
In  navigation  accuracy.  Both  the  present  and  projected  state  of  the  art  for  digital  com¬ 
puters  permit  repetition  rates  (of  high  order  integration  schemes)  that  exceed  the  band¬ 
width  of  the  gyro  sensors.  This  coabination,  in  conjunction  with  sufficient  word  length, 
maintains  the  computstlanal  error  below  any  required  level.  The  other  system  computational 
error  to  be  considered  is  that  of  sensor  quantisation  which,  in  essence,  places  a  tlae  lag 
In  the  data  streaa  (for  angular  data  below  the  quantisation  level).  Using  tlae-modulated 
torqulog,  this  pulse  quantisation  can  be  made  as  fine  as  required,  and  this  does  not  then 
constitute  a  significant  system  coap:iatlosal  error. 

The  computation  error  types,  round-off.  quantisation,  and  truncation,  can  he  controlled 
by  computer  word  length,  pulse  quantisation  magnitude,  integration  approach,  and  a  prac¬ 
tical  cutoff  point  for  high  frequency  inputs  that  are  related  to  computer  integration  cycle 
time.  The  control  of  computational  error  is  illustrated  in  Figure  7,  Note  that  there  is 
a  trade-off  available  for  any  given  set  of  systea  requireaents  between  a  possible  shock 
mount  design  and  the  computer  integration  method  and  speed*. 


3.  ACCtFTANCt  TESTING 

The  production  acceptance  test  program  consists  of  operstionsl.  vibrstion,  sod  thermal 
vacuum  tents.  During  exposure  to  the  test  environments,  performance  parent t era  are  moni¬ 
tored  in  each  instrument  channel. 

The  aola  requirements  of  the  acceptance  test  are  ns  follows: 

(1)  Verify  the  inertial  performance  chnrncterlntica  of  the  SO  DC. 

(11)  K»alu«’e  the  effects  of  vibration  and  thermal -vacuum  emvlronmeats  by  performing 
tests  before,  daring,  and  after  the  eneironaintal  condition. 

(ill)  Observe  the  critical  character  Utica  of  the  800K*  in  a  sufficiently  detailed 
manner  so  that  the  projected  reliability  end  performance  characteristics  can  he 
evaluated  from  s  Halted  asaple  of  data. 
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Operational  testing  is  concerned  primarily  with  calibrations.  The  parameters  that  au.;t 
be  determined  are  the  scale  factor,  bias,  input  and  spin  axis,  mass  unbalance,  and  input 
axis  alignment  for  each  of  the  three  gyro/PTSA  channels,  and  scale  factor,  bias,  and  input 
axis  alignment  for  each  of  the  three  accelerometer/FTSA  channels. 

Ibe  calibration  procedure  developed  consisted  of  six  static  testB  and  six  dynamic  tests. 
In  the  static  case,  the  package  is  held  stationary,  and  data  are  gathered  over  a  fixed 
time  interval.  Ibe  package  la  accurately  aligned  with  respect  to  gravity  and  earth  rate, 
permitting  the  evaluation  of  all  performance  parameters  except  gyro/PTSA  scale  factor  and 
input  axis  alignments.  Each  input  axis  is  aligned  both  vertically  up  and  vertically  dosn. 
Ibe  acceleroneter/PTSA  scale  factor  is  obtained  from  the  difference  of  the  data  accumulated 
elth  the  input  axis  up  and  down,  and  the  bias  is  determined  from  the  sun  of  these  data. 

The  input  axis  alignment  for  each  acceleroneter/PTSA  channel  is  obtained  from  the  differ¬ 
ence  in  outputs  ehen  the  accelerometer  input  axis  is  horizontal.  Ibe  gyro/PTSA  bias  is 
obtained  from  the  sun  o'  the  data  eith  the  gyro  oriented  elth  its  input  axis  up  and  doen, 
and  the  spin  axis  mass  unbalance  for  each  gyro  channel  is  determined  from  the  difference 
in  the  data  ehen  each  gyro  is  oriented  elth  its  spin  axis  vertically  up  and  doen. 

Six  dynamic  tests  are  required  for  the  evaluation  of  gyro/PTSA  scale  factor  and  the 
direction  cosines.  These  tests  consist  of  rotating  the  IMU  about  each  gyro  vertically 
oriented  input  axis  at  a  constant  rate  over  a  precisely  knoen  angle,  first  in  a  clockwise 
and  then  in  a  counter -clockwise  direction.  For  most  applications,  rates  in  excess  of  1 
degree/second  must  be  sensed.  Each  gyro/PTSA  scale  factor  is  obtained  from  the  difference 
in  the  data  obtained  from  the  clockwise  and  counter-clockwise  directions.  The  input  axis 
alignment  is  obtained  from  rotational  data  ehen  the  gyro  la  oriented  eith  its  input  axis 
horizontal.  A  production  test  set  for  calibraticm  is  shown  in  Figure  8. 

The  vibration  teats  that  are  performed  as  part  of  ':he  acceptance  testing  are  designed 
to  verify  the  functional  operation  of  the  SDIMU  daring  a  simulated  mlaalon  level  random 
vibrntioo  environment  (aee  Figure  8).  The  SO  IMU  U  attached  to  a  vibration  fixture  in 
such  a  manner  that  the  linear  vibration  input  can  be  applied  along  any  one  of  lta  primary 
axaa.  During  vibration,  critical  performance  parameters  art  monitored.  Crystal  accelero- 
netars  art  positioned  eith  their  sensitive  axes  along  the  vibration  Input  and  located  next 
to  each  SDIMU  mounting  point.  Data  from  these  Instruments  are  recorded  during  the  random 
vibration  teat  to  provide  power  spectral  danalty  spectra.  The  change  in  performance  across 
the  vibration  taat  la  determined  both  hy  observing  the  change  in  the  mean  value  of  the 
80IMU  calibration  coefficients,  obtained  from  calibrations  performed  before  and  after  the 
teat,  and  by  observing  the  change  to  the  -static"  outputs  of  the  aeoaor  channels  from 
Immediately  before  to  immediately  after  the  teat. 

The  objective  of  the  thermal  vacuum  taat  la  to  verify  the  operation  of  the  SDIMU  when 
subjected  to  simulated  mission  temperature  and  vacuum  environments.  Ibe  SDIMU  la  Installed 
on  am  adapter  on  a  thermal  shroud  within  a  thermal  vacuum  chamber.  After  the  chamber 
pressure  is  reduced  to  l  *  10‘*  torr  or  icmer.  the  SDIMU  is  subjected  to  high  (ISO^F)  amd 
low  (3()PF)  temperature  conditions  for  ooe  hoar  et  each  teat  level.  T*>  300 -second  pulse 
counts  are  acc Mutated  from  the  eeoaor  chamaele  every  IS  oiautee  during  amd  at  the  end  of 
the  ooe -hour  period.  The  pulse  counts  accumulated  at  each  time  specified  are  compared 
against  a  pre-environment  reference  nenaoremeat  in  order  to  provide  a  measure  of  perform¬ 
ance  during  the  emulated  aleelon  environmental  extremes.  The  change  in  performance  across 
the  thermal  vacuum  teet  la  also  determined  by  observing  the  change  in  the  mean  value  of 
the  calibration  coefficients  obtained  from  seta  of  calibrations  performed  before  amd  after 
the  teat. 

Acceptance  test  data  for  several  production  SDIMU*  s  are  presented  in  Tables  II.  HI 
mad  IV.  Table  II  presents  a  summary  of  8D1K  performance  for  nlsaion-level  vibration  and 
thermal  vacua  environments.  These  data  show  the  total  difference  in  the  aeaa  value  of  the 
calibration  coefficients  from  before  to  after  the  eavlrunmiatal  teet.  la  terms  of  am  aver¬ 
age  of  the  three  channels  per  SDIMU.  improvement  in  gyro  errors  during  thermal  vacua 
testing  ha  haem  obtained  recently  hy  a  change  la  the  method  or  processing  the  surface  of 
the  gyro  noatlhg  sent  to  permit  better  temperature  control. 


79 


Table  III  summarizes  SDIMU  stability  data  over  the  four-day  acceptance  test  period. 

These  stability  data,  expressed  as  V  values,  include  the  effects  of  vibration  and 
thermal  vacuus  testing.  A  technique  has  been  developed  to  separate  accelerometer  bias 
froa  the  bias  of  the  rebalance  amplifier.  Analysis  of  the  data  shorn  that  aost  of  the 
bias  shift  is  associated  aith  the  instrument,  and  that  scale  factor  data  for  both  gyros 
and  acceleroaeters  can  be  markedly  iaproved  by  better  control  of  noise  in  the  power  supply. 

The  short -term  repeatability  of  EDIMU  performance  coefficients  is  defined  as  the  root- 
nean -square  of  the  standard  deviations  for  each  day’s  calibration  test  data.  Six  calibra¬ 
tion  tests  are  performed  during  each  day. 

Table  IV  suaaarizes  the  short -tern  data,  which  are  principally  of  laboratory  Interest 
but  are  useful  for  comparative  purposes. 


4.  SLED  TESTING 

4. I  Description  of  Teat  ami  Teat  Article 

Recently  a  series  of  laboratory  tests  and  rocket  sled  runs  were  conducted  at  Holloman 
Air  Force  Base,  New  Mexico.  The  test  item  was  an  early  aodel  of  the  LM/GDIMD  with  the 
accelerometer  loops  rescaled  to  a  dynamic  range  of  lRg  without  altering  the  bandwidth  of 
the  closed  loop.  In  addition,  an  optical  reference  cube  and  noun ting  structure  were 
attached  to  the  package. 

The  objectives  of  the  test  prograi  can  be  stanarlsad  as  follows: 

(i>  Verify  the  ability  of  the  LM  atrapdown  system  to  maintain  its  functional  integrity 
and  to  operate  in  the  simulated  missile  environment  of  the  AFkDC  high  speed  teat 
track. 

(ii)  Evaluate  the  operation  of  the  atrapdown  inertial  measurement  unit  and  compare  the 
output  data  with  a  pace /time  reference  data  to  determine  the  system  accuracy. 

till)  Determine,  if  possible,  error  sources  of  the  system  with  respect  to  gyros,  accel¬ 
erometers.  and  associated  electronics. 

(1«)  Evaluate  the  cosputer  algorithm*  planned  for  the  system. 

In  all.  a  total  of  14  sled  teats  divided  into  three  phases  (thres  Phase  1  rams,  five 
l%sme  11  rune,  ard  sit  Chase  ill  runs)  were  conducted.  In  addition,  the  ROIMtl  was  labora¬ 
tory  tested  end  evaluated  for  etstic  operational  performance  prior  to  sled  teets  to  provide 
e  hate  to  ehlch  the  sled  teet  reeults  coaid  be  compared. 

The  purpose  of  the  Phase  I  runs  ess  to  establish  a  rotational  and  translational  vibra¬ 
tion  profile.  The  objective  of  the  Phase  II  rasa  was  to  check  out  sad  optimise  the  final 
system  configuration  for  a  qualitative  performance  evaluation.  Dm  Phase  II!  rams  sere 
then  performed  with  a  detailed  quantitative  analysis  of  system  performance  ns  tbs  objective. 

The  following  it  the  general  aeqmeace  of  events  ia  the  Phase  III  sled  teet: 

U )  l»re- run  laboratory  calibration  of  ttl«?  and  elect  too  tea. 

(ii)  Controlled  transfer  of  8D1MU  from  laboratory  to  sled. 

(Ill)  Pte-rua  optical  allganeat  of  AM  on  aled. 

(lv)  Sled  ran  and  data  gathering. 

(v)  Pbet-rua  optical  allganeat  check  of  SHD  oa  sled. 
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(vi)  Controlled  transfer  of  SDIMU  from  sled  to  laboratory, 
(vii)  Post -run  laboratory  calibration  of  SDIMU  and  electronics. 


4.2  Environment 

Hie  Phase  III  sled  test  profile  had  a  maximum  linear  acceleration  of  approximately  8g 
and  a  maximum  velocity  of  1500  ft/sec,  occurring  in  the  first  8  seconds  of  boost.  Booster 
engine  cutoff  is  followed  by  a  decelerating  coast  of  the  sled  toward  a  water  brake  approx¬ 
imately  27,000  ft  down  truck.  The  water  brake  slows  the  sled  velocity  to  approximately 
200  ft/sac  anti  the  sled  continues  to  coast  to  a  stop  at  approximately  36,000  ft.  A  typical 
sled  run  profile  is  shown  in  Figure  10. 

Power  spectral  density  characteristics  of  the  guidance  pallet  vibrations  indicated  that 
the  most  severe  vibration  levels  occurred  at  the  time  of  booster  cutoff,  with  the  highest 
level  appearing  as  pitch  vibrations  of  almost  10  degrees  per  second  (RMS).  Typical  roll 
angular  rate  vibration  spectra  at  various  times  during  a  sled  run  are  shown  in  Figure  11. 
Linear  acceleration  vibration  levels  at  booster  cutoff  are  on  the  order  of  lg  (RMS). 

4.3  Preliminary  Results 

The  SOIMU  sensor  channel  data  were  recorded  on  two  test  vehicle  tape  recorders  during 
the  sled  runs.  Simultaneously,  signals  from  the  track  space/time  reference  displacement 
measuring  system  were  recorded.  The  space/time  system  measures  the  times  the  sled  passes 
the  accurately  surveyed  light  beam  interrupters  spaced  along  the  7-mile  track.  The 
recorded  sensor  data,  the  space/time  reference,  as  well  as  all  track  survey  data,  are  used 
to  generate  velocity  error  functions  to  indicate  SDIMU  performance. 

Velocity  error  plots  are  usually  obtained  in  either  one  of  the  following  coordinate 
systems: 

Track  Coordinates  -  Velocity  error  functions  are  computed  using  the  SDIMU  accelerometer 
outputs  only  vo  obtain  a  quick-look  indication  of  performance,  by  assuming  that  the 
pallet  follows  the  track  rails  ,tnd  has  no  high  frequency  oscillations  due  to  sled 
angular  motions  and  vibration  isolator  characteristics.  Corrections  are  made  for 
initial  accelerometer  alignment  with  respect  to  the  track  rails. 

Astronomic  Tangent  Plane  Coordinates  -  In  this  case,  the  ASA  gyro  channel  data  are  used 
to  transform  the  accelerometer  channel  data  into  astronomic  tangent  plane  coordinates. 

The  computed  system  velocity  is  compared  to  the  space/time  reference,  resulting  in 
error  functions  representing  total  SDIMU  velocity  error. 

The  data  reduction  used  to  obtain  the  velocity  error  functions  utilized  a  CDC-3600 
computer  which  was  programmed  to  incorporate  the  strapdown  algorithm.  The  system  errors, 
therefore,  include  those  of  the  computational  scheme.  Deterministic  SDIMU  sensor  error 
coefficients  of  bias,  scale  factor,  and  input  axis  misalignment  are  compensated  for  in  the 
computational  scheme,  using  values  obtained  from  pretest  calibrations. 

Preliminary  results  from  the  first  of  the  Phase  III  sled  runs  are  presented  in 
Figures  12-14.  The  computed  velocity  error  functions  in  track  coordinates  are  shown 

in  Figure  12.  These  error  functions  computed  by  subtracting  the  space/time  reference  from 
the  compensated  accelerometer  outputs,  exhibit  two  main  effects:  the  curvature  of  the 
earth  in  the  space/time  reference  along  X  (down  track),  and  a  tipping  back  (pitch  rotation) 
of  the  ASA  Z-axis  (vertical)  during  boost.  The  space-time  data  are  compensated  to  account 
for  earth  curvature,  whereas  the  accelerometer  outputs  (in  the  absence  of  the  gyro-dependent 
transformation  function)  are  not.  The  tipping  back  of  the  Z-axis  can  be  observed  in  the 
plot  of  Figure  13,  which  displays  the  angular  displacement  about  the  pitch  axis  as  sensed 
by  the  ASA  Y-gyro.  The  ASA  appears  to  tip  backward  during  boost,  forward  past  its  starting 
orientation  (approximately  2  degrees  elevation  of  X)  during  booster  cutoff  and  coast,  and 
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then  forward  again  upon  entering  the  water  brakes.  Again,  in  the  absence  of  the  gyro- 
dependent  coordinate  transformation  function,  the  tipping  motions  are  not  tracked  by  the 
system,  and  components  of  earth  gravity  and  the  sled  thrust  acceleration  are  erroneously 
reflected  as  velocity  errors  in  the  track  coordinates. 

Tne  velocity  errors  computed  in  astronomic  tangent  plane  coordinates  in  conjunction 
with  the  space/time  reference  are  shown  in  Figure  14.  Several  significant  error  sources 
are  displayed.  Ihe  crosstrack  (Y)  velocity  error  is  most  sensitive  to  yaw  (Z)  gyro 
misalignment  in  tracking  the  direction  of  the  thrust  acceleration  in  the  level  plane.  A 
misalignment  of  the  yaw  gyro  allows  the  thrust  velocity  profile  to  be  reflected  in  the 
crosstrack  velocity  error.  The  vertical  (Z)  velocity  error  is  similarly  sensitive  to  the 
pitch  (Y)  gyro  performance  in  tracking  the  direction  of  the  thrust  acceleration  in  the 
vertical  plane.  The  downtraek  (X)  velocity  error  is  sensitive  to  the  pitch  gyro  perform¬ 
ance  in  resolving  the  directing  of  gravity. 

It  should  be  noted  that  the  computational  algorithms  that  were  used  to  reduce  the  data 
of  Figure  14  do  not  include  gyro  mass  unbalance  compensation.  Since  the  output  axis  of 
the  roll  (X)  gyro  is  perpendicular  to  the  thrust  acceleration,  and  since  the  crosstrack 
velocity  error  is  also  sensitive  to  the  roll  gyro  drift,  the  magnitude  of  the  X-gyro  spin 
axis  mass  unbalance  gains  added  importance.  In  addition,  the  output  axes  of  the  pitch  (Y) 
and  yaw  (Z)  gyros  are  perpendicular  to  gravity,  thereby  inducing  a  drift  in  pitch  and  yaw 
due  to  uncompensated  Y-gyro  input  axis  mass  unbalance  and  Z-gyro  spin  axis  mass  unbalance, 
respectively. 

Complete  results  of  these  tests  will  be  described  in  a  forthcoming  Air  Force  technical 
report . 


5,  APPLICATIONS 

The  SDIMU  which  has  been  described  in  this  paper  lends  itself  admirably  to  spacecraft 
operations.  Accelerometer  bias  can  be  updated  in  free  flight  if  necessary;  gyro  drift  is 
adequate  for  many  existing  missions.  The  relative  ease  of  combining  a  strapdown  package 
with  an  optical  sensor  to  update  bias  adds  to  its  usefulness.  In  an  orbital  transfer,  the 
strapdown  system  shows  some  advantage  over  a  platform.  The  vehicle  roll  axis  is  maintained 
perpendicular  to  the  radius  vector  so  that  the  sensor  package  will  rotate  at  a  constant 
rate  with  respect  to  Inertial  space.  This  condition  serves  to  introduce  a  modulated  drift 
rate  (at  an  angular  frequency  equal  to  the  pitch  rate)  which  contributes  to  the  attenuation 
of  system  burn  velocity  error  due  to  sensor  biases,  and  also  reduces  the  divergence  of  the 
velocity  error.  This  effect  is  illustrated  in  Figure  15,  which  displays  the  idealized 
functional  behavior  of  system  velocity  error  due  to  gyro  bias  for  both  a  strapdown  and  a 
yimballed  navigator. 

In  general,  techniques  for  filtering  and  schemes  for  sensor  error  attenuation  which  are 
implemented  in  navigation  systems  using  gimballed  Inertial  measurement  units  may  also  be 
employed  with  the  SDIMU  system.  Digital  or  pulse  filters  as  processed  in  the  flight  com¬ 
puter  will  yield  characteristics  similar  to  those  provided  by  analog  filters  employed  in 
gimbal  systems. 

The  preliminary  sled  test  results  indicate  that,  for  boost  end  injection  applications, 
the  SDIMU  is  competitive  with  platforms.  Pad  alignment  prior  to  launch  is  best  handled 
optically  for  high  performance,  although  gyrocompassing  can  be  readily  accomplished. 

Figure  16  shows  injection  errors  as  s  function  of  coast  angles  based  on  30-day  sensor 
stability7.  The  ability  to  align  the  package  in  a  preferred  orientation  with  respect  to 
the  thrust  vector  tends  to  minimize  gravity-sensitive  errors.  Platform  errors  tend  to  be 
compounded,  since  the  angle  between  the  thrust  vector  and  the  triad  is  changing.  This 
advantage  can  only  be  realized,  however,  if  the  float  motion  in  a  strapdown  gyro  is  held 
to  very  small  values.  Also,  as  previously  noted  the  rebalance  loops  must  have  equal  phase 
shift. 
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Considerable  thought  has  gone  into  aircraft  uses  of  an  SDIMU.  The  high  rates  encountered 
in  fighter  aircraft  produce  an  error  which  needs  wore  engineering  attention;  however, 
there  seem  to  be  no  inherent  problems  in  minimizing  this  effect  up  to  200  degrees/second. 
For  transport  aircraft,  inflight  alignment  of  a  Schuler-tuned  system  shows  considerable 
promise.  Hie  use  of  electromagnetic  position  fixing  makes  the  SDIMU  very  attractive,  in 
addition,  such  a  system  makes  possible  the  combining  of  both  flight  control  and  navigation 
sensory  functions. 


6.  CONCLUSIONS 

Hie  following  conclusions  are  drawn  as  a  result  of  this  strapdown  system  work  which  has 
been  accomplished: 

(i)  High  quality  inertial  system  data,  particularly  suited  for  boost  applications, 
can  be  obtained  with  a  single -degree-of-freedom  strapdown  reference  package. 

(ii)  Hie  dynamics  problem  can  be  treated  on  a  rigorous  basis  and,  at  this  time,  poses 
no  barriers  to  further  development. 

(iii)  Long-term  stability  and  its  relation  to  calibration  and  alignment  is  of  paramount 
importance. 
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TABLE  III 


SDM)  4- Day  37  Acceptance  Test  Performance 
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Fig. ll  Sled  angular  power  spectral  density 
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Fig. 12  Sled  velocity  errors  (accelerometer  only) 
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Fig, 14  Sled  velocity  errors  (accelerometer  and  gyro) 
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SHIM ARY 


The  inertial  platform  used  in  the  E1DO-A  Progrsa  has  to  be  teBted  ana 
aliened  prior  to  launch.  This  will  be  done  by  Beans  of  a  Field  Teat  and 
Alignment  Unit ,  described  in  the  paper.  Ibe  Field  Test  Unit  perform  all  the 
necessary  switching  between  the  platfora  systea  and  the  manuring  and  record¬ 
ing  instruments.  For  easier  operation  and  for  the  purpose  of  documentation 
all  data  are  delivered  digitally  and  printed.  The  applied  method  of  the 
platfora  alignment  starts  with  coarse  alignment  by  synchro  caging.  Then  the 
platfora  is  leveled  to  the  local  vertical  and  subsequently  aligned  to  North 
by  closing  the  gyrocoapassing  loops.  In  this  node  the  calibration  of  the 
torQier  scale-factors  will  be  performed  by  aligning  the  platfora  in  different 
positions.  As  a  last  step  of  the  procedure  the  two  vertical  gyros  will  be 
trimmed,  to  achieve  a  higher  alignment  accuracy. 
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FIELD  TEST,  ALIGNMENT  AND  TRIMMING 
OF  THE  ELDO- A  PLATFORM 

Manfred  PUtz 


1.  INTRODUCTION 

In  the  ELDO- A  Program,  an  inertial  platform  is  used  as  a  reference  syatem  for  the 
attitude  control  of  the  vehicle.  In  a  subsequent  progr«  this  platfora  will  be  coapleted. 
as  a  full  inertial  navigation  system,  by  the  addition  of  a  computer  and  the  necessary 
interface  equipment.  In  both  cases,  whether  used  for  attitude  reference  only  or  as  a  part 
of  an  inertial  navigation  system,  the  platform  has  to  be  tested  and  aligned  before  launch. 
This  can  be  done  by  means  of  a  Field  Test  and  Alignment  Equipment,  which  allows  a  compre¬ 
hensive  testing  of  the  platform,  calibration  of  the  torquer  scale  factors,  trimming  of  the 
gyro  drift  and  gyrocompassing  alignment. 

The  platform  testing  is  not  part  of  the  count-down.  It  will  be  undertaken,  when  the 
platfora  system  is  in  the  Preparation  Building,  to  ensure  that  the  system  la  working 
properly  before  It  is  installed  in  the  vehicle.  If  a  fault  occurs,  it  can  be  localised  to 
a  certain  extent  by  the  test  equipment,  to  determine  whether  the  system  can  be  repaired 
in  the  launching  area  or  must  be  sent  back  to  the  manufacturer. 

The  alignment  of  the  platform  by  gyrocompassing  and  the  gyro  drift -trim  will  also  be 
done  in  the  Preparation  Building,  at  present.  This  alignment  can  be  regarded  as  part  of 
the  test  procedure,  because  the  essential  components  of  the  platfora.  such  as  gyros  and 
accelerometers,  will  be  used  for  this  purpose,  and  their  accuracy  can  be  checked.  The 
actual  alignment,  of  course,  will  be  done  when  the  platform  is  mounted  in  the  vehicle. 


g.  PLATFORM  TESTING 

The  Field  That  Unit  (Fig.  1)  is  rack-mounted  in  a  console  and  consists  of  the  following 
parts: 


Flection  test  unit 
Recording  and  measuring  unit 
Three  angle  repeater  unit. 

in  addition  there  la  the  alignment  unit  and  the  switch -on -unit;  the  latter,  being  deliv¬ 
ered  by  the  platfora  manufacturer,  can  also  be  built  into  the  racks. 

By  means  of  the  field  test  unit  the  following  taste  can  be  performed: 

Insulation  and  continuity  testing 
Tasting  of  platform  electronics 
Temperature  measurements 
Testing  of  gyro  motors 

Testing  of  g label  servo  motors  and  servo  loops 
Testing  of  gyros  and  accelerometers. 

These  teats  will  be  done  with  the  system  operating  at  the  nominal  voltwe,  with  under¬ 
voltage  and  overvoltage  corresponding  to  the  range  given  by  the  specifications. 


100 


Ihe  function  test  unit  represents  the  central  switching  equipment,  by  means  of  which  the 
complete  field  test  is  effected  semi -automatically  in  relation  to  a  specified  program. 

After  the  cables  of  the  platform,  the  electronics,  and  the  switch -on -unit  have  been  coupled 
to  the  test -equipment,  the  approximately  170  monitoring  points  of  these  systems  are 
connected  to  the  corresponding  measuring  and  recording  devices  according  to  the  sequence 
selected.  This  sequence  is  given  by  the  test  program.  The  appropriate  connections  are 
provided  automatically  by  operating  push-buttons.  In  addition,  the  operating  voltage 
necessary  for  the  tests  is  switched  to  the  system  to  be  tested. 

Hie  measured  values  of  the  resistances,  voltages,  currents,  and  frequencies  are  deliv¬ 
ered  digitally.  Fbr  the  purpose  of  documentation,  and  for  proper  identification  of  each 
measurement,  the  test  point  number,  measured  value,  and  dimension  are  printed  out.  The 
measured  transient  responses  are  recorded.  These  are  the  transient  responses  of  the 
gimbal  servo  loops  and  the  accelerometer  servo  loops,  the  output  signal  of  the  accelero¬ 
meters  when  rotating  the  cluster  about  the  different  axes,  and  the  platform  temperature. 

Switching  is  done  in  the  relay-unit,  which  contains  2  relay  matrices  of  200  Hereon 
relays,  2  diode  matrices,  and  an  electrical  dummy  of  the  platform.  This  dumy  is  used  to 
test  the  platform  electronics  before  connecting  it  to  the  platform.  By  this  means  platform 
damage  due  to  faults  in  the  platform  electronics  is  avoided.  Whereas  the  platform  elec¬ 
tronics  can  be  repaired  in  the  launching  area  at  Woomcra,  the  platform  has  to  be  sent 
back  to  the  manufacturer  in  Europe  if  a  fault  occurs. 

In  the  relay-unit  of  the  Field  Test  Equipment,  as  well  as  the  200  Hereon  relays,  there 
are  additional  relays  belonging  to  safety  circuits  which  will  protect  the  platform  system 
in  the  event  of  Incorrect  operation.  The  2  diode  matrices  deliver  the  test  number  and 
dimension  of  the  measured  value  to  the  printer  in  BCD  code. 

As  experience  during  the  operations  in  Boomers  has  shown,  the  Field  Test  Equipment 
allows  comprehensive  testing  of  the  platform  system  in  a  relatively  short-  tire. 


3.  GYROCOMPASS IMG  ALIGNMENT 

As  already  mentioned,  the  alignment  of  the  platform  before  launch  is  done  by  gyro- 
compassing.  The  platform  used  in  the  ELD0-A  Program  for  attitude  reference  is  a  four 
gimbal  SF  600  made  by  Ferranti  Ltd.,  of  Edinburgh.  The  relations  given  in  Table  I  exist 
between  the  axes  of  the  platform,  the  axes  of  the  vehicle,  and  those  of  the  earth-fixed 
coordinate  system  in  the  position  of  the  Initial  vehicle,  the  platform  axes  being  numbered 
fria  inside  to  outside. 


TABLE  I 


Platform  axis 

Vehicle  axis 

Earth- fixed 
coordinate  system 

No.  1  (innermost 
axis) 

Pitch 

E-t 

No. 2 

Redundant  mil 
axis 

Vertical 

No. 3  (inter¬ 
mediate 
axis) 

Taw 

N-8 

No.  4  (outer  axis) 

Roll 

Vertical 

1C1 


Hie  platform  contains  3  single-axis  floated  gyros.  Type  SAGEM  10  675  A.  and  3  single- 
axis  acceleroaeters,  Type  SAGEM  10  625  A.  As  the  natural  frequency  of  the  servo  loops  is 
several  orders  of  aagnitude  higher  than  that  of  the  alignaent  loops  and  the  stiffneas  is 
very  high,  the  function  of  the  servo  loops  can  be  neglected  for  the  present,  i.e.  it  is 
assuned  that  the  plat  fora  is  exactly  aligned  at  any  tiae  with  respect  to  the  gyro  axes. 
The  inertial  coaponents  have  the  accuracy  given  in  Table  II. 


The  configuration  of  all  the  eleaenta  for  the  eaaentlal  alignaent  la  Illustrated  in 
Figure  2.  "here  the  3  gyros  are  shon  eith  their  relationship  of  axes  and  the  2  hori¬ 
zontal  acceleroaeters  are  represented  by  penduluaa.  The  x  and  y  axes  of  the  coordin¬ 
ate  aystea  used  are  horizontal,  the  y  axis  points  to  the  North,  and  the  a  axis  la 
vertical.  The  earth’s  rotation  af  is  resolved  into  its  tao  coaponents  along  the  y 
and  t  axes,  cos  \  and  sin  K  .  A  further  resolution  of  the  cos  K  coapooent 
relative  to  the  axes  of  a  coordinate  aystea  rotated  about  the  g  axis  by  an  angle 
yields  the  coaponents  cos  >.  cos  (along  the  input  axis  of  the  N6  gyro)  and 

cos  \  sin  +>t  (along  the  input  axis  of  the  I*  gyro). 

Vertical  alignaent  of  the  platfora  is  achieved  by  connecting  the  outputs  of  the  IV 
and/or  the  NS  acreleroaeter  across  filters  and  aaplifiers  eith  the  torquers  of  the  MB  and/ 
or  B*  gyros.  Tto  staple  control  loops  are  thus  created,  in  ehich  the  effect  of  the  dis¬ 
turbances  auet  be  kept  sufficiently  lov  by  aeans  of  suitable  filters  and  proper  selection 
of  the  paraaeters. 

The  borisuotal  couponed  of  the  earth's  rotation,  ^  cos  \  cos  i,  .  represents  the 
predoainant  disturbance  factor,  and  should  therefore  be  coapenaatad.  As  ia  the  aligned 
condition  (£„  -  0)  its  value  is  constant  and  varies  only  slightly  in  the  vicinity  of 
this  point  (fa.,  cos  K  cos  ^)  .  such  a  coapensation  can  be  effected  by  a  constant  bias 
signal  on  the  torquer  or  the  NS  gyro.  Ibis  requires,  hoeever.  that  the  scale  factor  of 
the  torquer  ia  known  and  constant.  A  further  possibility  of  coape  seating  this  disturbance 
factor  is  the  use  of  an  additional  integrator  in  the  loop.  This  ellsioates  not  only  the 
effect  of  the  earth’s  rotation  but  also  that  of  the  constant  aaount  of  gyro  drift  oo  the 
accuracy  of  the  vertical  alignaent.  A  disadvantage  of  using  an  integrator  is  the  higher 
sensitivity  to  servlet  at  ions  caused  by  vehicle  action. 

Tb  achieve  alignaent  to  North,  a  connection  between  the  MB  acceleroaeter  and  the  ast- 
aulh  gyro  la  Bade,  as  before,  by  aeans  of  a  suitable  electronic  unit.  If  there  is  a 
deviation  of  the  cluster-fixed  coordinate  aystea  £,»), x  ,  froa  the  earth-fixed  coordinate 
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systea  x.y,  z  by  the  angle  Px  .  the  coaponent  w,  cos  A  sin  Pt  of  the  earth's  rotation 
appears  as  a  disturbance  factor  for  the  vertical  eligneeut  loop,  aonitored  by  the  NS 
acceleroaeter.  This  results  in  a  vertical  deviation  proportional  to  cos  a  sin  Pt 
A  corresponding  signal  is  thus  applied  to  the  a/iautb  gyro  which  disappears  when  Pt  =  o 
and  the  plat  fora  is  thus  aligned  to  North.  Inverting  the  sign  in  the  loop  results  in  a 
state  at  i>t  -  180°  ,  which  corresponds  to  an  alignaent  of  the  platforc  to  South.  The 
vertical  coapont.it  of  the  earth's  rotation  represents  a  disturbance  factor  for  the 
aziauth  loop,  which  can  again  t>»  either  roapensated  by  a  constant  bias  signal  or  aade 
Ineffective  by  using  an  integrator  in  the  aziauth  loop.  Figure  3  shows  the  root  loci 
of  s  systea  with  first-order  filter  with  and  without  integrator.  It  can  be  clearly 
seen  that,  using  an  integrator,  a  certain  daaping  level  of  r.he  systea  cannot  be 
eiceeded  by  reducing  the  gain  factor  R0  .  as  can  be  done  in  the  systea  without 
integrator 

The  block  diagraas  of  the  gyrocoa passing  loops  (Pig .4)  can  be  derived  froa  the  systea 
equations.  They  show  that  the  aode  of  operation  of  the  systea  can  be  represented  by  an 
independent  vertical  alignaent  loop  and  a  coupled  vertical  and  aziauth  alignaent  loop. 
Froa  the  3  coaponents  of  the  earth's  rotation  the  first  tao  coaponents,  v;<  •  r.  A.  cot,  Pf 
and  o>#  sin  \  ,  are  disturbance  factors,  whereas  the  coaponent  cos  a.  sin  r  ii  t!  * 
control  input  producing  alignaent  of  the  systea  to  North. 


4.  AUGMENT  AND  TR INNING  PROCEDIRE 

The  gyros  used  in  the  platfora  SP  600  were  originally  developed  .or  an  application  not 
requiring  an  accurate  torquer.  For  thia  reason,  both  the  linearity  and  the  long-tera 
■lability  are  not  very  good  elth  respect  to  the  gyrocoapasaing  reqUreaents.  la  order  to 
obtain  aaxiaua  accuracy  froa  the  ccaponents.  the  gyro  torquer  will  be  calibrated  iaaediately 
before  the  actual  alignaent  and  triaaing  procedure. 

The  fundaaeutal  idea  la  as  foil  owe.  *>en  the  platiora  lit*  within  the  alignaent  loop 
and  a  steady  state  has  been  attained,  l.e.  when  the  allsnaent  operation  is  completed,  a 
current  corresponding  to  the  horiaontsl  coaponent  of  the  earth's  rotation.  coa  \  coa  . 
aust  aleaya  be  fed  into  the  N6  gyro  torquer.  Aa  the  value  coe  a.  cos  Pg  for  Pt  ~  o 
is  known  exactly  for  the  given  latitude,  the  scale  factor  representing  the  proportionality 
constant  between  the  current  and  the  resulting  rotation  cool  -  be  determined  by  aeasuring 
the  current  in  the  torquer. 

The  special  problea  is  now  that  the  drift,  which  la  still  unknown,  also  acta  upon  the 
gyro,  tn  addition  to  the  earth's  rotation.  Two  aeaaurraenu  are  therefore  necessary  to 
separate  these  tao  quantities.  *»r  the  stationary  cn*>.  the  current  u»  the  torquer  is 

NT|TJ  4  ^  coa  A  coa  ^  sin  A 

shea  the  systea  it  aligned  to  North.  The  tens  (Pf  *  *«»>“*  *i»  <  results  froa  coupling 
Induced  by  the  vertical  alignaent  error  Pg9  and  Uw  auallgnaeot  between  the  Inertial 
coaponents  <M  . 

If  the  ayatea  la  then  aligned  to  South,  the  alga  of  the  fcoriaoatnl  coaponent  of  the 
earth's  rotation  has  changed.  Provided  that  the  drift  recti  as  constant  durieg  rotation 
of  the  platfora.  the  nrnit  la  the  torquer  It 

*T*T|  =  “  “e  co*  *  cx>*  **  i  ♦  «gg)  ala  a  . 

me  drift  and  the  coopliag  errors  can  therefore  be  etiwiaated  froa  theae  two  equate*  to 
date  raise  the  acale  factor. 
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The  accuracy  liaits  of  this  neasureaent  depend  co  the  value  of  the  randoc  drift.  More¬ 
over.  errors  can  occur  when  the  triaing  state  of  the  gyros  changes  during  rotation  froa 
North  to  South.  This  aay  occur  particularly  ehen  suaaing  networks  are  used.  The  gyro 
should  be  pre-trlaaed  before  aeasureaent.  in  order  to  avoid  excessive  deviation  errors 
froa  North. 

For  saall  angles  £#  .  the  tera  cos  Pt  can  be  neglected.  The  error  thus  caused  is 
approxiaately  l°/oo  for  -  2.  5°  • 

For  scale  factor  calibration  of  both  vertical  gyros,  the  platfora  has  to  be  aligned 
successively  in  the  positions  Pz  -  0°  .  90°.  180°  and  270°,  and  tfc?  current  flowing 
through  the  torquer  of  the  gyro  whose  input  axis  is  actually  positioned  in  the  N6  direction, 
auet  be  deterained.  Eliaination  of  the  still  unknown  gyro  drift  is  possible  froa  the  four 
aeasured  values,  using  the  given  relations,  peraitting  the  calculation  of  the  two  torquer 


scale  factors. 

The  next  step  is  the  trlaalng  of  the  two  vertical  gyros.  The  gyro  drift  consists  of 
different  coaponents,  which  are  acceleration- independent,  acceleration -dependent  and 
randoa.  For  the  NS  gyro  and  the  E*  gyro,  which  are  positioned  with  their  output  axes 
vertical,  the  acceleration -dependent  drift  is  sero  and  only  the  two  other  coaponents  are 
present. 

A  great  advantage  of  gyrocoapassing  alignaent  is  that  the  constant  aaount  of  the  drift, 
which  aay  change  froa  asltch-on  to  switch-on,  can  be  triaed  before  the  actual  application 
of  me  platfora.  This  trlaalng  is  done  during  the  aligaxnt  of  the  gyro,  whose  input  axis 
is  positioned  in  the  NS  direction.  For  tbi*  purpose,  the  equations  for  tha  torquer  currant 
in  the  steady  state  are  again  used 

*yIT  -  coa  A  coa  t>f  *  ^  ain  A.  . 

i.t.,  the  current  generates  a  gyro  precession  corresponding  tha  sun  of  the  boriaoatal 
coaponest  of  the  earth5*  rotttioo.  the  drift  and  the  fraction  of  the  vertical  component 
of  the  earth's  rotation  induced  by  coupling  errors.  The  gyro  triaalag  can  now  he  done  so 
that  the  appropriate  tria  potentiometer  of  the  NS  gyro  ’*  *.1  Justed  until  the  torquer  current 
of  the  MB  gyro  is 

1T  !  coa  A  coa  *  «Mg>  sin  \> 

*T 

«d  the  active  gyro  drift  •-  p  .  The  triaping  will*  be  done  by  neglecting  the  terns 
cos  and  ^  ata  *  .  .  The  reanlting  errors  in  drift  triaalag  are.  for 

a  nod 

?,  -  2  3°  (ft  gyro  only  pre-trtaned). 


(*g«  ♦  «w)  5  1  arad  , 


>  0.01®  1i 


IN>r  triaalag  the  second  vertical  gyro,  the  duster  has  to  he  rotated  through  p if . 


S.  EFFECT  OF  TIE  CflFONENT  ttUII 

He  different  coapoaeat  errors  can  affect  both  the  dynaaic  reapoaee  sad  the  static 
accuracy  of  the  aystea. 


The  first  ;roup  lac  lades  the  errors  due  to  sisal  unseat  of  the  iaertlal  coapoaeata  on 
the  platfora.  they  lead  to  coup lings  between  the  individual  loops,  as  sell  an  to  addi¬ 
tional  croas-coapl lag  of  the  variftle*  within  these  loops.  Figure  5  illustrates  ail  the 
resulting  coalings  of  this  kind. 
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Hie  following  definitions  of  misalignment  errors  are  used: 

NS  gyro  and  NS  accelerometer 
eEW  F*  gyro  and  EW  accelerometer 

<7z  AZ  gyro  and  AZ  accelerometer 

^NS  NS  e-vro  811(1  AZ  axis  of  Piatform 

5EW  EW  gyro  and  AZ  axis  of  platform. 

A  closer  examination  of  these  effects  shows,  however,  that  a  misalignment  between  the 
input  axis  of  the  EW  gyro  and  the  AZ  axis  of  the  platform  has  the  greatest  effect  on  the 
dynamic  response  of  the  system.  This  causes  the  EW-gyro  to  sense  a  component  of  the 
cluster  rotation  about  the  azimuth  axis  which  results  in  a  component  additional  to  the 
control  signal  cos  K  sin  Pz  as  a  function  of  the  speed  iz  .  lr  the  steady  state  we 
have  ^>z  =  0  ,  i.e.,  the  static  accuracy  of  the  system  is  not  affected.  Because  of  this 
effect  between  the  output  and  input  value  of  the  control  loop  there  is  a  proportionally 
acting  element  H^e  cos  A.  ,  and  parallel  to  it  a  damping  element  with  the  transfer  function 
HSEffs  .  Depending  on  whether  the  alignment  is  made  to  North  (0°  position)  or  to  South 
(180°  position),  the  sign  of  this  element  changes,  whereas  that  of  the  proportional  ele¬ 
ment  remains  unchanged  and  the  damping  will  be  higher  or  lower  compared  to  a  system  without 
coupling. 

It  should  be  noted  that  similar  effects  can  also  be  caused  by  electrical  couplings  of 
circuits. 

The  dominant  Quantities  on  which  the  accuracy  of  the  system  depends  in  the  steady  state 
are 

gyro  drift,  the  earth’s  rotation,  zero  stability  of  electronics,  and  accelerometer 
bias. 

The  resulting  errors  are  listed  in  Table  III 


TABLE  III 


Vertical  Alignment 

Accelerometer  bias  2  *  10'“g 

40" 

Amplifier  drift  0.3  ciV/°C 

3  x  io*27°c 

Earth  rotation  ct>  cos  K 

— 

Constant  amount  of  gyro  drift 
(EW  and  NS) 

-  -  -  - 

Azimuth  Alignment 

Accelerometer  bias  2  x  io“*g 

r 

Amplifier  drift  0.3  mV/°C 

.... 

Random  drift  of  EW  gyro  0.  03°/h 

10' 

Torquer  linearity  of  EW  gyro  0.5% 

15' 

Constant  amount  of  gyro  drift  (AZ) 

.... 

Earth  rotation  a>  sin  \ 

-  -  -  - 

Misalignment  of  inertial  components 

1  mrad 

3' 
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It  can  be  seen  from  Table  III  that  the  vertical  alignment  accuracy  mainly  depends  on  the 
accelerometer  bias.  The  accuracy  of  the  azimuth  alignment  is  determined  by  two  dominant 
error  sources,  the  random  drift  and  the  torquer  linearity  of  the  EW  gyro. 


Fig. 2  Simplified  gyrocompassing  syste; 
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R,  10 

Proportional  Control 
Parameter  R0 
Rj  x0 


R„  10 

Proportional- integral  Control 
Parameter  R„ 


Pig. 3  Root  locus  curves  of  gyrocompass ing  system 


EW-Accel  Filter 


Fig. 4  Block  diagrams  of  alignment  loops 
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PREDICTION  DE  L’ ERREUR  D’ UNE 
CENTRALE  INERTIELLE 

Miguel  da  Sllvelra 


1.  MODELES  D'  ERREIIR 

Les  modules  d'erreur  des  centrales  de  navigation  inertielle  (CNI)  interviennent  aussi 
bien  dans  1*  analyse  des  erreurs  des  CNI  que  dans  les  etudes  d’ optimisation  de  systfemes 
dont  fait  partie  une  CNI.  Le  choix  du  module  est  fondamental  et  de  nombreux  travaux  ont 
ete  pub  lie's  oil  plusieurs  modules  sont  etudi^s. 

En  aua.’ysant  les  divers  modeles  proposes,  on  s’  apeifoit  qu’ils  font  toujcurs  intervenir 
des  processus  stochastiques  regulicrs.  Les  modeles  bases  sur  des  processus  singulier s 
(Doob1)  dits  encore  deterministic  (Middleton3),  ne  semblent  pas  avoir  retenu  F attention 
des  chercheurs. 

Au  cours  de  plusieurs  etudes  effectuees  depuis  1961  pour  le  Service  Technique  des  Tele¬ 
communications  de  l’Air,  et  plus  tard,  pour  la  Direction  des  Recherches  et  Moyens  d’Essais 
ainsi  que  pour  le  Service  Technique  Aeronautique,  nous  avons  etudie  un  modele  d’erreur  de 
CNI  base  sur  un  processus  singulier.  Ce  modele  a  ste  progressive ment  perfectionne  a  mesure 
que  des  resultats  experimentaux  devenaient  disponibles. 


2.  MODELE  “SINGULIER’’ 

Rappelon.'  que  revolution  d’un  processus  stochastique  singulier  (Doob)  ou  determinate 
(Middleton)  est  defini  par  les  valeurs  d’un  nombre  flni  de  parametres.  Dans  le  cas  des 
CNI,  cette  circonst^nre  cat  *  peu  pres  verifiee,  car  l’erreur  de  position  ob^lt  a  un 
systeme  d*  equations  dl fferentielles;  mala  elle  n’est  pas  exactement  verifiee  car  dans  ce 
systeme,  interviennent  er  parametre  des  processus  regullers  (bruits).  II  se  trouve  que 
F  influence  de  ces  bruits,  au  molns  a  court  terme,  est  faible  et  on  peut  en  prof  iter  de  la 
fa?on  suivante.  Si  on  integre  le  systeme  d’ equations  differentielles  par  la  methods  de 
Lagrange,  en  le  remplafant  d’abord  par  un  systfemb  auxilialre  ne  cooportant  pas  de  source 
de  bruit,  on  trouve  une  solution  gentfrale  du  systems  auxilialre  du  type 

X  =  Z<t.e*;  c, . ,C„)  ,  (1) 

t  *♦ 

ou  £  est  le  vecteur  erreur,  b  le  vecteur  position,  t  le  temps  courant  et  c,,  ...cn  , 
des  constantes  d’ integration.  Alors  la  solution  du  systems  donne,  coaprenant  les  sources 
de  bruit,  est  de  la  forme 

X  =  Z(t.?;vyt> . yB<t»  ,  (2) 

ou  <t ) . ( t )  sont  des  fonctions  convenab lament  deteralnees,  qui  tiennent  comptc 

des  bruits;  ce  seront  done  des  processus.  Le  fait  que  les  bruits,  en  tant  que  processus 
reguliers,  n’ont  que  peu  d’ influence,  se  traduit  par  le  fait  que  les  ^(t)  ne  s’lcartent 
pas  notablement  des  valeurs  des  constantes  ct  qu’ils  remplacent. 

L’expression  (1)  de  £  peut  fctre  coosideree  coame  obtenuc  en  negligeant  dans  (2)  la 
variation  des  fonctions  yt(t)  .  C’est  1*  expression  (1)  qui  constltue  le  modele  singulier 
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La  forme  de  Z  est  connue,  mais  les  valeurs  des  constantes  cA  sent  inconnues.  Par  la 
suite,  on  ne  s’occupera  plus  des  fonctions  ^  .  e’est  a  dire  qu’on  ne  s’occupera  pas  des 
bruits  internes  en  tant  que  processus. 


3.  FORME  EXPLICITE 

En  simplifiant  convenablement  les  equations  d’une  CNI,  on  trouve  1* expression  approchee 
suivante  pour  le  systeme  differentiel  dont  £  est  solution: 

D3(D3  +  =  [e]  D3^*  (3) 

Les  simplifications  sont  valables  pour  des  durees  et  des  parcours  correspondant  aux 
applications  aeriennes,  mais  pas  pour  des  applications  de  grande  duree.  La  Figure  l 
indigue  l’erreur  sur  le  modele  gui  resulte  de  ces  simplifications. 

Dans  (3),  [ft3]  et  [«]  sont  des  (2  *  2)  -  matrices  diagonales,  la  premiere  etant 

scalaire.  Les  ele'ments  de  [ft3]  ont  pour  valeur  le  carre'  de  la  frequence  angulaire  ftg 
de  Schuler,  et  ceux  de  [e]  definissent  les  disaccords  relatifs  des  deux  voies  par 
rapport  a  ft8  . 


4.  ESTIMATION  DES  COEFFICIENTS 

La  solution  de  (3)  est  constitute  par  deux  fonctions  du  temps,  une  pour  chaque  voie  de 
la  centrale.  Nous  allons  nous  occuper  uniquement  d*  une  voie.  La  forme  de  la  composante 
correspondante,  £  ,  est  la  somme  de  la  solution  generate  £0  de  1’ equation  sans  second 
membre  et  d’une  solution  particuliere  de  1’ equation  complete,  C  =  40  +  ij  .  Soit 

une  suite  de  releves  aux  instants  tA  :  £r(tt)  (i  =  0,  1 . N>  ;  alors  £0  correspond 

a  la  propagation  dans  le  temps  des  erreurs  existant  a  1’ instant  t0  et  a  1* influence 
des  accelerations  du  vehicule  pendant  l’intervaile  (t0,t)  . 

L* estimation  de  40  et  a  partlr  de  la  suite  ^  ,  se  fait  par  la  methode  des 

moindres  carres.  pour  minimiser  la  variance  d’ estimation.  B>  effet,  le  releve  de  4r 
est  affecte  de  deux  erreurs,  celle  du  systeme  de  reference,  par  rapport  auquel  on  evalue 
les  erreurs  de  la  centrale.  et  encore  l’erreur  de  lecture  de  cette  derniere. 

L'expression  de  i0  s’obtient  comae  une  comblnaison  lineaire  de  cinq  solutions 
lineairement  independantes  de  1’ equation  sans  second  membre: 

D5(D3  +  ft3)£0  =  o  .  (4) 

Par  example,  on  pourrait  prendre  comae  systeme  fondamental  le  suivant, 

cos  f^t,  sin  l^t,  1,  t,  t*  ,  (5) 

mais  11  presente,  du  point  de  vue  de  l’estinatloc,  le  defaut  d’etre  oblique.  II  est 
preferable  de  prendre  cinq  fonctions  orthogonales,  que  nous  prenons  aussl  normees,  soit 
ix(t).  ij(t) . iB(t)  . 


Done  <  4-n  54  =  Shk  .  (6) 

Le  prodult  scalaire  est  deflnl,  a  un  facteur  constant  pres,  par  la  matrice  inverse  de 
la  mat  rice  de  covariances  des  erreurs  qul  affectent  ^  ,  (Ref. 2).  adhettant  que  r  echantlllon- 
nage  de  ^  est  sufflsaaaent  lent  pour  que  les  erreurs  deviennent  decorrelees,  et  que 
leur  variance  est  constants,  on  peut  poser 


-t 


4(ti>  Vli> 


en 
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En  partant  du  systene  fondamental  (5)  et  en  lui  appli quant  la  methcde  d’  orthonornalisa- 
tion  de  Schmidt,  avec  le  produit  scalaire  (7),  on  trouve  une  base  orthcnormee  {#}  . 

Les  avantages  statlstiques  de  l'emplcl  des  bases  orthonormees  soot  bleu  connus  :  non 
correlation  des  valeurs  estimees,  facilite  de  1* analyse  de  variance,  renplaceaent  de  la 
distribution  de  Fisher*Snedcor  par  celle  de  Student,  qui  est  robuste,  etc.  Du  point  de 
vue  numerique,  on  evite  les  inversions  de  matrices,  et  un  mime  systene  de  coefficients 
pjermet  de  trouver  tous  les  ajustements  partiels*. 

Nous  avons  encore  profite  de  la  souplesse  qui  resulte  des  bases  orthononales  pour 
completer  {£}  par  un  terme  d’alarme  f  6  .  Ce  terme  est  choisi  de  fa^on  a  ne  paa  It  re 
solution  du  systene  (4).  Si  1‘ analyse  de  variance  conduit  k  lui  attribuer  un  coefficient 
significatif,  cela  lndique  que  l’intervalle  (t0,tN)  est  trop  long. 

Les  coefficients  c^  des  s’obtiennent  a  partir  de  la  compoeante  4-r  de  4  (qui 
correspond  a  40  dans  4)  par  les  formules  classiques 

£h  =  "4*  in*  •  <®> 

leurs  variances  etant  egales  entre  el les  et  egales  a  celle  des  erreurs  de  mesure. 

L’ estimation  des  coefficients  de  4C  presuppose  que  1' on  a  pu  prifalablenent  decomposer 
4r  en  40r  et  C  ir  •  Four  ce  faire,  nous  enployons  la  nethode  des  “fonctions  nodulantes" 
Eh  effet,  de  1’ equation  qui  definit  4  .  on  peut  deduire  e  ,  en  appliquant  sui  deux 
membres  une  fonctionnelle  lineal re  continue  convenable,  que  nous  rejresentons  au  noyen  de 
la  formule  de  Rlesz.  Cta  obtient  alnsi  1* expression  sulvante  pour  l'estinateur  de  e  : 


2  _  <D*(D*  ♦  H£)a,  4r> 
<DSa,^> 


(9) 


oil  a  est  une  fonction  qui  satlsfslt  certaines  conditions  aux  Unites.  C* eat  a  qui 
constitue  la  'fonction  modulante"3  •*. 

On  choisit  a  par  la  condition  de  mlniniaer  la  variance  de  e  .  ce  qui  conduit  a 
liquation  differentials  du  lOene  ordre  sur  a  , 


D*(D*  r^)*a  =  dV  , 

avec  les  conditions  aux  Unites  suivantes: 


(10) 


a(t0)  =  a’ft,)  =  .... 

=  a"“(t0) 

a =  “‘‘V  = 

=  a'*'<V 

(11) 


Connaissant  l’estination  e  du  dereglage,  on  obtient  I'estlaation  4)r  de  4,r  **0 
integrant  1* Equation  avec  second  nenbre  qui  definit  4  •  lb  introduisant  les  conditions 
aux  Unites  convenables,  on  trouve 


ilr  =  —^Kt-t,)  sin  n,(t-t0)j.  H(t *te)H(tu-t>f  (t) 


(13) 


ou  H  destine  1* echelon  unite  et  •  la  convolution.  Dans  ces  conditions,  l'estlaatlon 
de  40r  s' obtient  par  soustractioo  : 

40r(t)  =  4,(0  -  4u.it)  .  (13) 

A 

Ceat  cette  fonction  40r  qui  pernet  de  calcuier  les  coefficients  c^  par  (•). 

On  obtient  flnalement  la  representation  rulvante  de  l’erreur  4  : 
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1<V  =  71  ch4<t>  *  »1r<t>  • 

h«  1 

On  deaontre  que  In  variance  d’ estimation  de  i(t)  est  donnee  par 
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mi 


_ 3 

■ 


<D3(D2  ♦  i^>a.D3(D?  t  .^)a> 


h*  l  <D5a,r>2 

I 

O'j  etant  la  variance  des  erreurs  de  aesure. 


(15) 


5.  RESULT  ATS 

Les  idees  generates  qui  viennent  d'etre  rapideaent  exposes ont  ete  degagees  peu  a  peu 
au  fur  et  a  aesur**  que  ies  Jooueva  v-xperiaer.  tales  devenaicnt  disponifcles  en  Prance.  C'est 
grace  aux  reearquables  camp  agues  d'essai s  entrcprises  par  le  Service  Technique  Aeronautique 
que  nous  avons  pu  eprouver  la  validite  des  conceptions  theoriques. 

5.1 

Ainsl,  un  essai  preliainalre  effectue  en  1964  a  perais  une  premiere  verification  d'un 
aodele  singulier  ne  coaprenant  pas  la  partie  >t  due  aux  accelerations  du  vehicule.  La 
Figure  2  aontre  le  resultat  obtenu.  L'ajuateaent  s'etendait  sur  une  duree  de  2000  s. 
l'echanti  Homage  se  faiaant  a  la  cadence  d'un  point  toutes  les  100  s.  Us  points  employes 
pour  l'estiaation  des  coefficients  portent  les  nuaeros  0  a  20.  et  les  points  suirants 
correspondent  a  1*  extrapolation,  tour  chaque  point  a  partir  du  21eae.  la  croix  indique  la 
valeur  aesuree  et  les  cercles  les  valeurs  extrapolees.  U  chiffre  indique  au-dessus  doone 
le  rang  du  dernier  terae  du  developpement  employe.  L' analyse  de  variance  indique  que  les 
teraes  de  rang  1.  2.  3  et  4  sont  significatifs  aais  celui  di*  rang  5  et  le  terae  d'alarae 
(range  6)  ne  le  sont  pas.  On  voit  que  1* extrapolation  est  netteaent  aaelioree  quand  on 
ajoute  le  terae  de  rang  4.  Le  terae  de  rug  5  toon  significatif)  n'ajoute  rien.  Rats  le 
fait  reaarquable,  c'est  que  si  on  introduit  le  terae  de  rug  6.  1  'e*frupolati»ri  .intent 
aberrant e  Ce  phenomena  est  db  a  ce  que  la  fooction  j,  n'e*t  pa*  solution  de  1’Equation 

(4) . 

C«t  exeaple  est  interesaut,  car  la  fonction  f ,  a  ete  obtenue  en  ajoutut  a  la  suite 

(5)  u»i  terae  cub l que  t3  .  Or.  on  peut  conslderer  que  les  teraes  I.  t.  t*'  et  t3  constitu-  ♦ 

eot  le  debut  d'un  developpement  de  Taylor  qut  perarttrait  de  serrer  la  realite  de  plum  pres 

a  assure  que  dea  teraes  sent  rajoutes.  C<  serait  le  ru  si  1’erreur  ,  correspendait  a 
un  aodele  •■egulter,  car  11  ne  surait  pas  >tre  d^Hni  par  une  equation  differentia! le  a 
coefficient  certains.  Or,  on  voit  que  r augmentation  du  degre  du  developpement  n'apporte 
aucune  amelioration,  et  «ie  ai  on  le  pousse  au  degre  3  (f,>  .  il  devient  aberrant.  Done, 

it  terae  tn  t3  (apporte  par  f,  i  n'ett  pw  incorrect,  aais  celui  en  t3  er.t  complete  - 
aent  faux.  Cette  tircoostance  a  aontre*  que  revolution  de  l'erreur  ‘  obett  birn  au 
aodele  atn»uller  propose. 


It 

Depuia.  d‘  aut res  rssais  out  ete  realises,  qui  ant  aontre  le  besoin  de  t.-o i r  co»s»tr  de 
1' acceleration  du  veblcule.  Teat  ce  qut  a  conduit  a  ic'.roduire  le  terae  ‘  .  Ce  aodele 

plus  complct  n’a  pw  encore  ete  esaaye*.  les  essais  realises  mart  rent  que  lorsque  le 
aouveaent  est  a  peu  pres  rectilignr  et  uni  ferae.  1' extrapolation  est  escellente.  Vais 
lorsque  dea  accelerations  soot  presente*.  1' extrapolation  devient  tamediatewent  fausse. 


*  Dm  tsaala  poeter  leers  m  Ryaposiaa  MUM)  oat  ete  effectue*.  (toes  donscaa  ea  addittf  les  resultats 
d4Jk  obtsaas  s»ec  le  aodele  ri4i  roaplet. 
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Les  courbes  de  la  Figure  3  nontrent  des  exeaples  d’ajustenent  sur  des  segments  cu  le 
■ouveaent  du  vehicule  etait  a  peu  pres  unifome,  suivis  de  virages.  On  voit  que  1’ extra¬ 
polation  est  correcte  Jusqu'au  aoaent  des  virages,  aais  qu'apres  l'erreur  devient  con¬ 
siderable. 

Les  courbes  de  la  Figure  4  aontrent  ce  qui  arrive  quand  l’intervalle  d'tjusteaent 
contient  des  accelerations.  L’ estimation  conclut  a  1* existence  de  termes  en  t 5 
(coefficient  de  significatif ),  alors  que  ce  terae  est  pratiqueaent  absent.  Ceci 

est  du  aux  accelerations  qui,  a  travers  le  terae  dont  il  n'a  pas  ete  tenu  coapte. 
deforaent  la  courbe  C(t)  . 

On  voit  ainsi  qu’ll  est  necessaire  de  tenir  coapte  de  1* inf luence  de  1* acceleration. 

Les  resultats  experiaentaux  analyses  jusqu'a  present,  bien  que  ne  faisant  pas  usage  du 
aodele  coaplet  (14)*.  ont  aontre  que  la  plus  grande  partie  des  erreurs  provient  du 
disaccord  de  la  centrale  et  non  de  l’eloigneaent  initial.  C’est  en  analysant  ces  resuliats 
que  nous  avons  ete  conduits  a  completer  par  le  terae  • 


6.  ADDITIf 

Des  essais  recants  or.t  ete  eftectues  apres  1*  introduction  du  terae  de  dereglage  de 
periode.  Un  execple  ear  acts?  istispie  eat  fourni  a  la  Figure  5  :  on  peut  y  constater  une 
variation  rapide  de  la  penie  des  erreurs  a  1' instant  d'un  virage  brutal  cffectue  par 
1‘ avion,  un  pfessaene  du  genre  ne  peut  evidemment  pas  >tre  decnt  par  les  teraes  du  aodele 
et  il  correspond  a  un  dereglage  de  periode  de  1.2%.  Lea  valeurs  priaes  par  aprea 
ce  vjrage  atteignent  8  fas.  et  sontrent  1*  Importance  de  ce  terar. 

L*  ensemble  des  resultats  obtenus  aver  le  aodrle  dd  cnaplet  a  teutefois  ais  en  evidence 
la  presence  d’un  rcsidu  d’erreur  fonrtion  de  1‘ acceleration  du  vehicule.  ce  qui  conduit  a 
envisage r  1' influence  de  teraes  tels  que  les  baluurds  des  gyroscopes  de  vert  irale  et  la 
derive  du  gyroscope  d'aziaut.  Cec»  ronfirae  1' opinion  rxpriaee  par  le  Dr  Frey  que  It 
aodele  <14>  etait  incoaplet  et  qu'tl  f  •  dratt  tenir  coapte  des  baiourds. 
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SUMMARY 


The  paper  deals  exclusively  with  digital  computing  techniques.  Hie 
dominance  of  digital  computing  techniques  in  the  inertial  field  is  now 
almost  complete  and  a  resume  is  made  of  the  reasons  leading  to  this  situa¬ 
tion. 

However,  there  is  a  very  wide  range  of  digital  computing  techniques  avail 
able  and  for  the  purpose  of  discussion  these  are  divided  into  three  broad 
classifications: 


(i)  General  purpose  computers 
(ii)  Digital  differential  analysers 
(ill)  Special  purpose  computers 

Fach  of  the  classifications  is  taken  in  turn  and  the  merits  and  disadvan¬ 
tages  are  discussed.  The  technical  merits  of  the  computing  system  itself, 
however,  are  not  the  only  consideration,  and  many  other  influences  may  affect 
the  final  choice. 

Finally,  a  survey  is  made  of  some  typical  systems  and  the  probable  reasons 
leading  to  their  particular  configuration.  An  attempt  is  made  to  forecast 
the  future  trend  in  the  light  of  present  day  inertial  system  requirements. 


FACTORS  INFLUENCING  THE  CHOICE  OF 
COMPUTER  FOR  AN  INERTIAL  NAVIGATION  SYSTEM 
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P. Wilson 


1.  INTRODUCTION 

The  dominance  of  digital  computing  techniques  in  the  inertial  field  is  now  virtually 
complete  and  this  paper  deals  exclusively  with  the  various  digital  techniques  available. 

The  overwhelming  advantage  of  the  digital  computer  is,  of  course,  the  achievement  of 
consistently  high  computing  accuracy  over  extended  periods  of  time  without  the  inherent 
errors  which  necessarily  occur  in  analogue  computing  such  as  variations  in  scale  factor, 
calibration  drifts  and  similar  instrumental  errors.  It  is  significant  that,  whereas  the 
first  inertial  navigation  systems  used  in  missile  applications  having  relatively  short 
flight  times  could  satisfactorily  rely  upon  analogue  computing  techniques,  as  these  systems 
have  become  more  widely  applied  to  cruise  vehicles,  digital  computing  has  steadily 
replaced  the  analogue  approach.  Indeed  it  is  probable  that  without  the  inherent  and  con¬ 
stant  computing  accuracy  available  with  digital  techniques,  it  would  cot  have  been  possible 
to  mechanise  inertial  navigators  for  modern  day  long-range  aircraft  without  excessive 
penalties  in  weight  and  cost. 

From  a  practical  point  of  view,  in  the  wide-scale  application  of  inertial  systems,  the 
relative  freedom  from  maintenance  problems  and  the  improved  reliability  given  by  the 
digital  approach  is  a  factor  of  great  importance. 

Of  nearly  equal  Importance  is  the  ability  to  use  the  digital  computer  to  mechanise 
complex  mathematical  relationships.  The  most  obvious  example  is  the  use  of  the  digital 
computer  to  provide  a  trans-polar  flight  capability  by  one  of  several  different  means,  one 
of  the  most  widely  used  being  the  wander  azimuth  mechanisation.  Another  example  is  the 
compound  navigation  system  in  which  the  DR  position  derived  by  the  inertial  systems  is 
continuously  compared  with,  and  sometimes  corrected  by,  the  position  outputs  of  other 
navigational  aids. 

In  considering  the  various  digital  techniques  available  it  is  convenient  to  divide  then 
into  three  broad  classifications: 

(i)  General  purpose  computers. 

(ii)  Digital  differential  analysers. 

(ill)  Special  purpose  conputers. 


2.  DIGITAL  COMPUTING  TECHNIQUES 
2. 1  Die  General  Purpose  Computer 

In  this  context  ‘general"  implies  a  generalised  nethod  of  handling  the  IN  calculations, 
rather  than  the  use  of  a  computer  suitable  for  Instant  application  to  other  problems. 

This  type  of  computer  makes  use  of  a  central  processing  section  capable  of  arithmetic 
operations  and  certain  decision  functions,  snd  under  the  cootrol  of  a  stored  instruction 
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sequence.  A  simplified  block  diagram  is  shown  in  Figure  1.  In  this  type  of  computer, 
calculations  are  performed  cri  whole  numbers,  usually  represented  in  binary  notation, 
and  calculations  are  performed  sequentially  according  to  the  instruction  sequence.  Where 
calculations  are  performed  on  basically  analogue  or  incremental  data  and  smoothly  varying 
outputs  are  required,  the  input  data  must  first  be  calculated  to  whole  number  form,  and 
the  calculations  must  be  repeated  at  a  sufficiently  frequent  interval  to  give  the  output 
resolution  required. 

There  are  three  main  variables  in  the  design  of  a  general  purpose  computer  which  are 
relevant  to  its  choice  for  an  IN  system.  Firstly,  the  number  of  digits  in  the  computer 
word  has  a  direct  effect  on  the  calculation  accuracy.  For  most  IN  applications  a  word- 
length  of  18  binary  digits  is  adequate  but  various  expedients  can  be  used  to  extend  the 
accuracy  of  calculation,  thus  allowing  a  shorter  basic  wordlength  to  be  used.  Secondly, 
the  capacity  of  the  computer  memory  governs  the  length  of  the  programme  (instruction 
sequence)  which  can  be  stored  and  the  quantity  of  present  data  available  to  the  programme. 
Additional  capacity  can  usually  be  provided  quite  cheaply  and  may  tempt  the  designer  to 
extend  the  use  of  the  computer  to  functions  other  than  navigation;  however,  other  con¬ 
siderations,  such  as  integrity,  usually  rule  against  this.  A  memory  capacity  of  2000  to 
3000  instructions  is  usually  sufficient  for  a  typical  navigation  problem.  Thirdly,  the 
speed  of  the  computer  is  related  to  the  repetition  frequency  of  the  instruction  sequence 
and  to  the  number  of  instructions  which  may  be  obeyed  in  that  sequence  in  a  given  time. 
Unless  other  functions  are  to  be  performed  by  the  computer,  the  speed  requirements  for 
inertial  navigation  are  usually  quite  low  and  seldom  present  a  major  problem. 

From  the  inertial  system  designer's  viewpoint  one  of  the  main  advantages  of  the  GP 
approach  is  that  he  will  probablj  have  available  to  him  an  existing  design  of  computer 
with  a  known  performance  and  reliability  record  and  will  thus  be  able  to  avoid  the  heavy 
financial  burden  associated  with  the  design  and  development  oi  a  computer  special  to  his 
requirements.  This  advantage  may,  however,  be  offset  by  the  fact  that  as  a  rule  most  GP 
computers  have  a  store  capacity  of  8000  words  or  more,  which  is  significantly  in  excess 
of  the  2000  to  3000  words  required  for  the  basic  navigation  functions.  There  is  naturally 
a  higher  manufacturing  cost  associated  with  this  size  of  computer  and  it  is  therefore  a 
matter  for  careful  judgement  as  to  which  is  the  most  economical  solution  overall.  In 
recent  years  the  tendency  has  been  for  the  requirements  of  the  IN  system  to  increase 
(storage  of  waypoints,  computation  of  great  circle  course  and  distance  to  go,  steering 
outputs  to  autopilot)  which  favours  the  GP  machine.  Indeed,  this  ability  to  cope  with 
changes  and  additions  to  the  original  requirement  specification  is  perhaps  the  second 
most  important  advantage  of  this  class  of  computer. 

A  disadvantage  often  encountered  is  the  sometimes  extensive  conversion  circuits  neces¬ 
sary  to  convert  output  signals  to  the  required  electrical  for*:.  (usually  analogue).  This 
problem  can  often  be  avoided  if  the  coaputer  is  tailor-made  .or  the  application,  as  is  the 
case  with  the  special  purpose  type  of  computer.  It  is  expected  that,  with  the  wider 
application  of  digital  techniques  to  other  avionic  equipmrnt,  this  particular  problem  will 
disappear. 

2.2  The  Digital  Differential  Analyser 

Unlike  the  general  purpose  computer,  the  digital  differential  analyser  grows  with  the 
alse  of  the  problem.  In  operation,  its  major  difference  la  that  it  computes  incremental 
changes  to  quantities  rather  than  changes  to  the  whole  values  of  the  quantities  themselves. 
Its  use,  therefore,  is  limited  alnost  exclusively  to  sums  on  continuous  variables  and, 
because  of  the  method  of  mechanisation,  to  time -dependent  varlablea. 

The  basic  computing  process  of  a  DDA  is  one  of  counting,  or  of  incremental  integration, 
as  showu  in  the  block  diagram  (Fig. 2).  In  mathematical  terns,  a  problem  is  broken  down 
into  equations  of  the  form  dz  =  ydx  ,  *>ere  x.y  .  and  z  are  all  time-dependent  vari¬ 
ables,  and  incremental  quantities  are  repremented  by  pulse  trains  synchroniaad  with  the 
operating  cycle  of  the  computer.  Addition  and  subtraction  of  pulse  trains  are  possible. 


121 


aultipl irtt k i  mid  division  <-»  b*  reread  b«  if >1  manipulation.  Some  simple 

decision  functions  tr^  usuall*  available-,  but  thev  are  much  sore  clumsy  in  operation  than 
the  equivalent  functions  in  a  general  purpose  computer. 

There  are  two  main  types  of  DDA,  the  parallel  and  the  serial.  The  parallel  DDA  has 
separate  hardware  for  each  incremental  integration  performed,  and  is  therefore  very  nearly 
the  digital  equivalent  of  the  conventional  analogue  computer.  Its  logic  is  fixed  by  means 
of  physical  interconnection  of  integrators  and  it  is  rather  rigid  in  its  operation.  The 
serial  DDA  is  more  closely  related  to  the  general  purpose  machine.  The  parts  of  the  serial 
COA  concerned  with  arithmetic  and  control  are  time-shared  in  a  sequential  series  of 
operations  on  stored  data.  In  one  cycle,  one  complete  iteration  would  he  performed.  The 
sequence  of  instructions  is  usually  stored  along  with  the  d?ta,  and  in  some  machines  the 
interconnection  of  the  Integrators  may  be  stored  likewise.  This  makes  its  operation  more 
flexible  than  that  of  the  parallel  DDA,  but  nevertheless  it  is  more  clumsy  than  the  gen¬ 
eral  purpose  computer  and  is  strictly  limited  in  the  type  of  problem  it  can  solve. 

The  word  length  and  speed  of  operation  of  a  DDA  are  related  to  the  accuracy  and  smooth¬ 
ness  of  output  in  much  the  same  way  as  the  general  purpose  computer.  However,  besides 
smoothness,  one  must  consider  the  rate  of  change  of  variables  and  ensure  that  the  maximum 
rate  of  change  expected  is  within  the  speed  capability  of  the  DDA.  This  is  because 
transitions  from  one  value  to  another  must  be  based  on  incremental  changes  of  limited  step 
size  and  frequency,  as  compared  with  the  GP  computer  which  recalculates  on  the  basis  of 
the  whole  number  value  of  new  data  each  cycle. 

The  main  value  of  a  DDA  is  its  ability  to  tackle  small  problems  efficiently  and  its 
convenience  when  used  as  an  extrapolation  device  where  simplified  functions  within  the 
capability  of  the  DDA  can  be  used  over  very  limited  periods.  Its  disadvantages  are  the 
difficulty  in  programming  large  problems  except  on  a  very  sophisticated  machine,  its 
inflexibility,  and  drift  problems  arising  from  the  impossibility  of  representing  exactly 
many  commonly  used  functions  by  Incremental  equations. 

In  summary,  therefore,  the  DDA  type  of  computer  is  suitable  only  for  those  applications 
where  the  system  requirements  in  terms  of  facilities  and  outputs  are  small  in  number  and 
not  likely  to  change.  In  view  of  earlier  comments  on  the  tendency  for  requirements  to 
increase  and  the  desire  of  the  system  designer  to  retain  flexibility  to  cope  with  additions 
to  the  initial  requirements,  the  DOA  approach  is  losing  most  of  its  former  popularity. 

2.3  The  Special  Purpose  Computer 

Any  computer  designed  to  perform  a  particular  function  can  be  considered  to  be  a  special 
purpose  computer.  However,  here  the  tern  is  used  to  describe  computers  that  are  neither 
purely  general  purpose  nor  purely  digital  differential  analysers,  but  may  Include  aome  of 
these  techniques  and  others,  including  counting  and  pulse  modulation. 

It  is  not  proposed  to  describe  any  particular  special  purpose  computer,  since  each 
design  is  likely  to  employ  different  principles. 

The  advantages  of  the  special  purpose  computer  are  the  fact  that  it  can  be  optimised 
both  overall  and  in  local  areas  of  calculation  to  employ  the  most  suitable  computing 
techniques,  accuracy  and  speed  for  that  particular  part  of  the  problem.  This  can  take 
into  account  the  form  of  input  data  and  types  of  output  concerned  and  will  minimise 
specialised  interface  circuitry  required. 

However,  the  adoption  of  a  special  purpose  solution  results  in  s  non-standard  device, 
both  at  unit  and  at  computing  element  level.  This  brings  with  it  economic  disadvantages 
compared  with  an  equivalent  else  standard  machine  and  inherent  difficulties  in  maintenance 
and  testing. 
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The  social  purpose  coaputer  therefore  presents  a  good  solution  to  the  pn-blea  from  a 
cost-effective  viewpoint  in  cases  where  the  computational  problem  is  not  too  triplet.  A 
good  example  of  this  is  a  systea  which  requires  only  outputs  of  latitude  and  longitude. 

As  the  reqt  i resent  for  addiclonal  outputs  and  facilities  is  increased,  this  advantage 
rapidly  diminishes.  The  summary  applied  to  the  DOA  class  of  computer  is  therefore  appro¬ 
priate  here  also,  and  the  lack  of  flexibility  of  the  special  purpose  machine  is  probably 
more  restrictive  than  that  of  the  DDA. 


3.  FUTURE  TRENDS 

It  already  seems  clear  that  the  size  of  the  IN  computing  problem  (ARINC  561  being  a  good 
example)  has  reached  the  point  where  the  DDA  and  special  purpose  computer  approach  can 
show  little  or  no  cost  advantage  over  the  GP  machine  (see  Figure  3).  From  its  very  nature 
the  general  purpose  computer  can  be  expected  to  find  wider  application  in  avionics  as  well 
as  in  other  fields  and  this  will  do  much  to  reduce  both  manufacturing  costs  and  amortised 
development  charges.  With  the  growing  use  of  digital  techniques  within  other  avionic 
systems,  the  general  purpose  computer  offers  an  increasingly  useful  method  of  distributing, 
combining,  and  comparing  information  between  different  parts  of  the  aircraft  in  a  common 
signal  format.  The  advantages  of  this  rationalisation  of  signal  transmission  have  already 
been  recognised  and  valuable  work  is  going  on  within  A3 INC  to  attempt  to  establish  a 
common  digital  signal  transmission  format  for  an  increasing  number  of  types  of  information 
within  civil  aircraft.  Application  of  this  technique  will  permit  very  significant  simplifi¬ 
cations  and  weight  reductions  in  aircraft  cabling. 

In  addition,  the  greatly  superior  flexibility  provided  by  the  general  purpose  computer 
is  of  inestimable  value.  It  provides  the  ability  to  accommodate  changes  to  the  require¬ 
ment  specification,  it  enables  the  designer  to  supply  basically  the  same  hardware  to 
applications  having  different  requirements  and,  from  the  overall  Bystems  aspect,  it  makes 
possible  the  engineering  of  redundancy  modes  in  a  very  practical  way. 

For  the  reasons  already  outlined,  it  seems  likely  that  future  Inertial  navigation 
systems  will  concentrate  cn  general  purpose  computers.  Fpr  reasons  of  integrity,  it  does 
not  seen  likely  that  these  computers  will  be  large  single  units,  with  an  extensive  memory 
capable  of  carrying  out  many  other  functions  additional  to  the  navigation  system.  Such  a 
system  concept  poses  many  organisational  problems,  even  if  the  safety  requirement  is  net 
by  a  duplicate  computer  installation.  Furthermore,  with  l»e*»  computers  of  16,000  words 
or  more  capacity,  the  system  capability  is  no  loeger  limited  by  the  storage  capacity  of 
the  computer  but  tends  to  be  restricted  by  the  time  taaen  up  in  the  computing  cycle. 
Programing  techniques  have  been  developed  to  alleviate  this  problem,  but  they  involve  a 
more  complicated  programme  which  is  difficult  to  change  In  the  light  oi  operational 
experience. 

In  the  past,  the  high  coat  of  general  purpose  computers  ham  necessitated  their  use  for 
a  number  of  different  tasks  in  order  to  “Justify"  their  coat.  However,  the  rapid  reduc¬ 
tion  in  computer  coats,  arising  from  their  wider  application  and  from  the  introduction  of 
microelectronics  now  makes  it  possible  to  manufacture  "single  task*  OP  computer*  at  costa 
competitive  with  the  "large*  computer  system. 

Such  single  task  ‘Minimal"  computers  will  have  a  relatively  small  storage  capacity  of 
around  4000  eorda.  and  will  have  a  abort  word  length  ground  12  bits,  employing  double 
length  working  where  higher  secured ce  are  required.  Reraise  the  computer  till  be  res¬ 
tricted  to  a  single  task,  the  speed  limitations  of  the  larger  computer  should  not  intrude 
and  a  2us  parallel  store  will  probably  he  quite  adequate. 

The  future  envisaged  is  that  a  standard  general  purpose  computer  in  this  'minimal*  form 
will  be  the  basis  of  moat  inertial  navigation  systems.  It  is  expected  that  the  same 
machine  will  then  find  wider  application  to  other  single  task  function*  such  as  air  data 
ayateam,  autopilots,  engine  control  and  genera!  flight  management  problems. 


Fig. 1  Block  diagraa  of  a  staple  general  purpose  Machine 


Fig. 2  Baaic  DDA  integrator 


Fig.  3  Single  computer  economics 


Fig. 4  The  MC9620H  digital  coapottr  for  airborne  control 
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SUMMARY 


The  performance  of  inertial  navigation  systems  can  be  improved  by  using 
additional  or  redundant  data  from  various  sensors.  Several  methods  are 
available  to  update  the  inertial  navigator,  reaching  from  pure  resetting 
to  optimal  filtering.  These  methods,  their  possible  implementations,  their 
different  influences  on  the  behaviour  of  the  system,  and  the  resulting  errors 
are  described. 
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OPTIMAL  USE  OF  REDUNDANT  DATA  IN  INERTIAL 
NAVIGATION  SYSTEMS 

F.G.  Unger 


1.  INTRODUCTION 

Accurate  and  reliable  navigation  is  a  very  stringent  requirement  for  military  aircraft. 
The  required  outputs  from  a  navigation  system  are  position,  velocity  and  orientation  of 
the  sensors  and  the  vehicle  with  respect  to  a  navigational  coordinate  system.  A  pure 
inertial  navigation  system  can  provide  all  this  required  information,  but  the  errors  of  an 
Inertial  system  are  not  bounded,  i.e.  they  increase  with  time.  Therefore,  with  large 
mission  times,  the  errors  can  become  intolerably  large.  Other  methods  of  navigation,  like 
Doppler  dead  reckoning,  radio,  stellar  etc.  can  provide  only  part  of  the  information 
required,  but  with  bounded  errors  in  velocity  or  position.  A  navigation  system  that  ful¬ 
fils  a  wide  variety  of  requirements  for  relatively  long  mission  times  will,  therefore,  be 
a  combination  of  an  inertial  system  with  other  navigational  aids. 

This  paper  presents  the  different  methods  of  aiding  a  pure  inertial  system  with  addi¬ 
tional  or  redundant  navigation  information.  The  available  sensor  outputs  are  categorised 
and  a  general  block  diagram  for  navigation  systems  is  derived.  The  pure  inertial  system 
in  a  Schuler-tuned  mode  is  included  in  this  block  diagram  as  a  special  case.  The  use  of 
redundant  information  in  a  conventional  way,  by  proportional  or  integral  feedback,  is 
then  discussed.  The  last  section  describes  the  use  of  a  Kalman  or  minimum  variance  filter 
to  update  the  navigation  loops. 


2.  GENERALISED  BLOCK  DIAGRAM  OF  NAVIGATION  SYSTEMS 

The  central  element  of  a  navigation  system  is  the  navigation  computer.  Its  inputs  are 
data  from  sensors,  such  as  inertial  acceleration,  ground  speed,  air  speed,  heading,  posi¬ 
tion  information,  stellar  angles,  etc.  These  data  may  be  continuous,  in  analogue  or 
digital  form,  or  intermittent,  like  ground  fix  points.  The  computer  has  to  calculate  the 
required  navigation  outputs:  position,  velocity  and  orientation  of  the  sensors  and  the 
vehicle  with  respect  to  a  navigational  coordinate  system.  In  addition  the  computer  must 
also  compensate  for  sensor  biases  and  calculate  torquing  commands  for  platform  gyros  or 
positional  servos  for  stellar  or  radar  equipment. 

Figure  1  shows  the  possible  inputs  and  required  outputs  of  a  navigation  system. 

The  sensor  information  available,  as  well  as  the  computed  output  data,  can  be  classified 
into  threr  levels.  They  are: 

Level  1:  Acceleration 

Level  2:  Velocity 

Level  3:  Position  and  Orientation. 

Orientation  belongs  to  the  same  level  as  position,  because  angular  measurements  lead  to 
position  information  and  both  data  complement  each  other.  Furthermore,  in  a  rotating 
coordinate  frame,  orientation  angles  can  be  derived  by  integration  of  the  angular  rate 
vector  S ,  Just  as  position  is  derived  by  integration  of  the  velocity  vector  v  . 


Figure  2  shows  the  three  levels  and  the  equivalent  inputs. 

Information  for  a  higher  level  can  be  derived  from  a  lower  level  by  integration;  but 
it  is  generally  not  possible,  to  derive  lower  level  information  from  higher  levels  by 
differentiation. 


The  information  in  each  level  is  a  vector  in  the  navigation  coordinate  frame  except 
for  orientation,  where  the  information  is  in  the  form  of  three  angles  or  the  direction 
cosine  matrix  (M)  for  possible  coordinate  transformations. 


If  the  navigation  frame  is  rotating  with  respect  to  inertial  space,  corrections  for 
acceleration  must  be  included.  This  can  be  done  by  writing  the  basic  equations  as 


(1) 


(2) 


dv\  4.  _  -4  _  _  -4 

—  +o>xR  +  2ojxv+ojx  (w  x  R)  ,  • 

dt/N 


(3) 


where  R 


position  vector 

time  derivative  of  R  with  respect  to  inertial  space 

v  =  time  derivative  of  R  with  respect  to  the  navigational  coordinate 
frame 


3  =  rate  of  change  of  navigational  coordinate  system  with  respect  to  inertial 

space 

a  =  thrust  acceleration  vector 

gD  =  vector  of  mass  attraction 

dv\ 

—  =  total  acceleration  in  navigation  coordinates. 

dt/N 


Substitution  of  Equation  (3)  into  Equation  (1)  yields 

E=a  +  g>-SxR-2^»v-wx(w«R).  (4) 


Equation  (4)  shows  that  the  following  corrections  are  required  on  the  acceleration  level 
in  addition  to  the  thrust  acceleration; 


1.  Acceleration  due  to  a  ass  attraction 

2.  Coriolis  acceleration 

3.  Tangential  acceleration 

4.  Centripetal  acceleration 


23  x  v 

3  X  R 

3  «  (3  x  R)  . 


If  the  sensitive  axes  of  the  sensors  do  not  coincide  with  the  axes  of  the  navigational 
coordinate  systea,  the  sensor  outputs  aust  be  traasforaed,  using  the  orientation  Matrix 
(M). 
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Figure  3  shows  a  general  block  diagram  of  navigation  systems  including  the  corrections 
for  a  rotating  frame.  Redundant  data  may  enter  the  system  at  levels  2,  3ft  and  3b.  Hie 
problem  of  how  the  redundant  data  are  used  within  the  level  blocks  is  discussed  in  Section 
4  and  5. 


3.  ERROR  BEHAVIOUR  OF  PURE  INERTIAL  SYSTEMS 

In  a  pure  inertial  system  thrust  acceleration  represents  the  only  input  information 
measured  at  the  first  level.  In  most  cases  the  input  axes  of  the  sensors  are  directed 
parallel  to  the  axes  of  the  navigational  coordinate  frame.  If  this  is  not  the  case,  a 
coordinate  transformation  is  necessary. 

Figure  4  shows  the  block  diagram  of  a  pure  inertial  system  used  for  navigation  over 
the  surface  of  the  earth.  In  this  case  the  velocity  v  of  a  vehicle  is  defined  as  the 
rate  of  change  of  the  vector  R  with  respect  to  the  earth,  (v  =  dR/dt ! E )  .  Therefore, 
instead  of  Equation  (4),  the  following  is  now  the  relation  for  acceleration  corrections: 


t>  =  (~^J  =  a  +  la  -  ^  x  (ft  »  R)  -  (20  +  p)  x  v  , 


(5) 


'N 

where  ft  =  earth  rate  vector 

^  .  — e 

p  -  co  -  ft  =  rate  vector  of  the  navigational  coordinate  frame  with  respect  to 
an  earth -fixed  frame. 


As  can  be  seen  from  Figure  4,  a  feedback  loop  exists,  owing  to  the  gravity  vector  g  . 
i.e.  the  system  is  capable  of  oscillating.  The  oscillation  occurs  with  the  Schuler  period 


T,  =  2 rr 


The  error  behaviour  of  a  pure  inertial  system  in  a  Schuler-tuned  node  is  now  discussed. 

Figure  5  shows  the  error  block  diagram  for  one  horizontal  channel  of  such  a  system. 
The  errors  considered  are  accelerometer  bias,  gyro  drift,  and  azimuth  misalignment. 

The  following  notation  is  used  in  Figure  5: 

Ax  •"  computed  ve.ocity  error  in  x-direction 
Ax  =  computed  post 'ion  error  in  x -direction 
8,  =  x-arceleroneter  bias 

-  fixed  drift  of  the  y*gyro 

-  y-component  of  the  error  angle  vector  between  tbe  navigational  and  platform 
coordinate  frane 

-  r- component  of  the  error  angle  vector  between  tne  platform  and  computer 
coordinate  frame  (azimuth  misalignment). 

The  velocity  and  position  errors,  as  derived  from  Figure  5,  are 


Ax  = 


-  ">  “  «<«»  ♦  w 


a*  * 


(6) 


Ax 


.  SB,  -  g(«,  ♦ 


a(s*  ♦ 


m 
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The  characteristic  equation  (denominator  of  Equation  (6))  is  that  of  an  undamped  oscilla¬ 
tion  with  Schuler  frequency.  For  constant  sensor  errors,  the  mean  value  of  the  velocity 
error  is 


Ax! 


f, 

- 


^z) 


(8) 


The  position  error  constantly  increases  with  time, 

Axls  =  0  -  »  .  (9) 

The  unbounded  position  error  is  due  to  gyro  drift  and  azimuth  misalignment;  accelerometer 
bias  docs  not  cause  an  unbounded  position  eiroi. 


4.  UPDATING  METHODS  AND  RELATED  ERROR  BEHAVIOUR 

Although  Schiiler-tuning  is  of  great  importance  in  navigation  over  the  surface  of  the 
earth,  it  has  been  shown  that  for  longer  mission  times  the  position  errors  can  become 
intolerably  large,  especially  because  of  gyro  drift  and  azimuth  error,  lb  avoid  this,  the 
pure  inertial  system  can  be  aided  with  additional  or  redundant  navigation  information 
from  other  scurces.  Continuous  or  discrete  data  available  for  the  navigation  computer  may 
be  of  level  2.  3a  and  3b.  No  additional  information  on  le'el  1  is  available,  because  we 
do  not  know  any  other  method  of  measuring  acceleration  except  by  inertial  means. 

Accordingly,  we  distinguish  different  kinds  of  aided  systems; 

1.  Velocity  aided  systems  (redundant  data  at  level  2). 

2.  Position  aided  systems  (redundant  data  at  level  3a). 

3.  Stellar  monitored  systems  (redundant  data  at  level  3b). 

4.  Stellar  monitored  and  velocity  damped  systems  (redundant  data  at  level  2  and  3b). 

The  additional  or  redundant  data  can  be  of  intermittent  nature  and  used  to  replace  the 
computed  data  at  certain  time  periods.  If  it  is  always  available,  it  can  be  continuously 
compared  with  the  computed  Information;  the  difference  signal,  multiplied  by  various  gains 
K,,  ,  can  be  added  to  the  accelerometer  output  signals  or  the  gyro  torquing  commands  either 
directly  or  over  additional  Integrators.  If  the  difference  or  error  signal  is  Introduced 
at  the  next  lower  level,  it  is  used  to  damp  the  oscillations  of  the  system.  If  it  is 

introduced  at  the  aame  level  inside  the  Schiiier  loop,  then  the  frequency  and  amplitude  can 

be  changed.  If  additional  integrators  are  used,  sensor  biases  can  be  compensated. 

Figure  6  shows  the  i -channel  of  a  Schuler-tuned  system  and  the  mechanisation  of  the 
different  updating  methods. 

These  methods  are  now  discussed  in  mors  detail,  if  Doppler  veliclty  is  available  as 
redundant  information.  The  Doppler  velocity  signal  cannot  very  sell  be  used  to  reset  the 
Inertial  velocity  signal  directly,  because  of  its  high  noise  level.  Tbs  direct  resetting 
method  la  not  very  useful  and  is  only  feasible  if  angular  measurements  or  position  fixes 
are  available. 

As  Figure  6  indicates,  the  difference  signal  can  be  used  to  provide  three  different 
correction  signals.  c,.  C,  and  C,.  into  the  Schiller  loop. 

The  first  signal  C,  ,  the  difference  signal  multiplied  by  the  gain  factor  K,  ,  is 
added  to  the  accelerometer  output.  This  provides  damping  of  the  Schiller  oscillation.  The 
second  signal  C,  .  the  difference  signal  multiplied  by  the  gain  factor  K,/lt  ,  has  an 
Influence  upon  the  oscillation  frequency  by  adding  it  to  the  gyro  input.  The  third  input 
C,  provides  coapeosatioa  for  some  steady-state  errors  of  velocity  by  introducing  an 
additional  integrator  with  gain  K,/R  . 
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Assuming  that  both  sources  of  velocity  information  -  the  computed  inertial  and  the 
measured  reference  velocity  -  are  subjected  to  errors,  the  three  corrections  corresponding 
to  the  x-channel  error  block  diagram  can  be  written  as  follows: 

cu  *  *Mvcx  '  W  =  -«!<&  -  Svx>  no> 


c.x  =  7<vcl  -  vrx)  =  ^(Ai  -  Sv,)  01) 


C3X  =  ^  J(VCX  -  Vrx)  dt  =  J  dt  <  (12) 

where  Ax  and  Svx  represent  the  errors  of  the  computed  inertial  and  the  measured 
Doppler  reference  velocity,  respectively. 

Figure  7  shows  the  x-channel  error  block  diagram  of  the  Doppler  inertial  system  des¬ 
cribed. 

The  transfer  functions  of  the  velocity  and  position  errors  can  be  derived  from  Figure 
7  as  follows: 


sJBx  -  8g(£y  +  +  [<^,(K2s  +  X,)  +  b*K,]Svx 

S3  +  KjS3  +  (1  +  Kj)c^$  +  K3o£ 

-  sg«,  ♦  eypt)  +  (w3(KjS  +  Kj)  +  s'kJSv, 
s[sJ  ♦  KjS3  ♦  {1  +  K,)oj*s  +  X,c*£] 


(13) 


04) 


A*!,.0  =  5vx  •  05) 

Equations  (13)  and  (14)  can  be  used  to  evaluate  the  velocity  and  poaltloo  errors  for 
different  values  of  Kt,  X,  and  X,  ,  or  to  obtain  optimal  valuea  of  theae  three  gain 
factors.  The  steady-state  velocity  error  nos  contains  the  reference  velocity  error  6vx 
only  (Eq.  (15)).  The  fixed  gyro  drift  and  aslmuth  error  are  compensated  by  the  additional 
integrator. 


Figure  8  shoes,  as  an  example,  the  tine  functions  of  the  velocity  error  due  to  gyro 

drift  for  the  pure  inertial  system  (tx  -  X,  =  X,  =  o>  and  for  the  different  aethods  of 

updating  (I,  <  o:  Xt  and  X,  A  0  and  Kv  Hr  X,  *  0)  . 

So  far  constant  errors  (biases)  have  been  discussed,  but  in  sany  cases  the  errors  are 

not  constant,  but  rather  stochastic  processes  characterised  by  their  autocorrelation 
functions  gv(r>  and  their  spectral  density  functions  4>vw  .  fcr  linear,  non -time - 
varying  systems,  the  atatlstica  of  the  output  signal  y(t)  follow  directly  from  the 
tine -independent  statistics  of  the  input  nival  x(t)  .  The  mean  value  of  the  output 
signal  is  stro  if  the  mean  value  of  the  input  signal  is  aero.  The  average  value  of  the 
square  of  the  output  signal,  the  time-dependent  variance  <r*y(t)  ,  can  be  computed  by  the 
following  expression*: 

°p(t)  =  JJ  •<T»**T»>V*Ti  *  Tr‘>  *»*»  •  <M) 
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For  bandwidth  limited  white  noise,  4>x  can  be  evaluated  from  the  approximated  auto¬ 
correlation  function  PX(M)  of  Equation  (21): 


i>xM  =  J  px(h\)e'ia"  dT  =  2Txcr^ 

-0D 

Equations  (24)  and  (25),  when  substituted  into  Equation  (23),  yield 

1 

t-“itcTy(t)  =  —  /  I  G(jw)  |  2  dcu  . 


(25) 


(26) 


It  should  be  noted  that  Equations  (23)  ;\nd  (26)  can  only  be  used  if  G(s)  has  no  poles 
on  the  imaginary  axis  or  in  the  right  half -plane.  A  pure  inertial  system  in  a  Schuler- 
tuned  mode  is  undamped,  It  l.us  poles  on  the  imaginary  axis.  This  means  that  the 

effect  of  noise  inputs  must  be  calculated  according  to  Equations  (16)  or  (22). 

As  an  example,  the  variance  of  the  velocity  and  position  errors  due  to  a  white  noise 
Doppler  input  error  i>\x  for  a  damped  system  are  now  calculated. 


The  transfer  functions  for  -  K3  =  0  are 


K.s 


aJ  ♦  KjS  ♦  u>\ 


(27) 


K, 

G  (s)  =  - ! - -  . 

**  8*  ♦  K,8  ♦  CO* 


First,  Equation  (26)  is  used: 


z  2T*»»^*ad;  / 

*  “® 

It*  fm  (J 

2T«v,  cI*x  7je  ^^)i  Ky 


*  2  T 


,»  _  I _ 


•'*  775 p«r, co* 1  mttB  “srny 


=  T 


i«,  *1 


(28) 


(29) 


,  ,  i*  f*  do< 

*'  2T,,«  nj0  ♦  K*i 

a  T»W,  *1*,  «. 


9^ 


(90) 


Now  Cqaatiaa  (22)  1*  used  to  determinw  tin  time -dopes  demt  varlasces. 
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The  system  impulse  responses  become 


=  K,e'<Kl/2)t  cos  w  t  -  _i  sin  t. 

2% 


(31) 


g^ft)  =  —  e'(Kl/2)t  sin  v0t  , 


•here  =  i  /(♦*>*  -  Kjl  . 

The  desired  time -dependent  variances  are  obtained  as  follows: 


(32) 

(33) 


ft 

a!i(t)  =  2t,  <rfr  I*}  <t) 

*Q 


dr 


ai«<t)  = 


£?vx  oj,,  K? 

%(*<4 +  Kt)  L 


+  Kj)  e-Kit  (*>0*1  *  ^'o  + 


?K , 


8c^jK  j 


40-0  ♦  K?  R?  ♦  4^K*t  \ 

— ^ - -  sin  2<K„t  -  1  01 -  ‘ 


cos  2c*.’et  j 


(34) 


CJl 


(t)  =  2r|fj|  c\,J  «^(T)  dr 


*  «)  = 


u»  (iJ*  t  K?)  . 
o'  o  *»'  |_ 


^0  -  ♦ 

*«  \  n*r 


sin  2^0t  - 


(35) 


If  R,  la  small  compared  with  .  tha  foliosing  approximations  for  **|(t)  and 


®J,(t)  result 


1i<*>  *  Ti»t  »{.,*.  <i 


(36) 


r*  (D  i  I.?UL.lLy«JLi  a  .  .**«») 


(37) 


Roust loos  (36)  sad  (37)  show  that  tha  "filtering*  of  the  Oopplar  noise  through  the 
inertial  system  depends  largely  on  tha  «ala  factor  R,  .  Also,  tha  time  constant  for  tha 
variance  of  tha  velocity  and  tha  position  error  are  inversely  proportional  to  R,  .  these 
facta  give  additional  criteria  for  R,  .  If  t,  and  R,  art  also  *>  ,  it  la  difficult 
to  oh  tala  a  closed- fore  so  lotion  of  Smsntloa  (22).  In  this  case  a  comps  ter  programme  may 
hm  accessary  to  evalomte  the  Integral  and  to  obtain  criteria  for  tha  valwes  of  Rt  mi  R, 
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9.  LINEAR  OPTIMAL  FILTERING  OF  REDl'ND ANT  DATA 

The  updating  mechanism  described  in  Section  4  used  a  deterministic  approach.  Hie 
advent  of  very  powerful  navigation  computers  made  it  possible  to  retrieve  more  of  the 
information  contained  in  the  navigation  measurements  dj  applying  statistical  filtering 
techniques. 

In  this  section  the  optimum  estimation  problem  of  the  state  variables  of  atdee  inertial 
systems  is  discussed.  Fbr  the  optimum  estimation  a  so-called  Kalman  or  minimum  variance 
filter  is  used  to  derive  a  “best”  estimate  of  the  system  state,  that  is,  optimum  use  is 
made  of  all  available  information  in  the  least-square  conse.  The  properties  of  such 
filters  can  be  summarised  as  follows: 

The  filter  estimates  the  errors  of  the  system  state  variables. 

The  estimate  is  based  upon  statistical  data  cf  error  measurements  and  state  variables. 

The  filter  formulae  satisfy  minimum  variance  criteria  for  all  problem  parameters. 

The  formulae  implemented  are  recursive.  This  means  that  the  optimum  estimate  for  the 

time  being  can  be  computed  from  the  previous  estimate  and  the  current  observation 

without  recourse  to  earlier  estimates  or  observations. 

The  recursive  formulae  are  wel*  suitable  for  computation  on  digital  computers. 

The  basic  method  of  using  a  linear  optimum  estimation  filter  k  shown  in  Figure  9. 

The  two  upper  blocks  in  Figure  9  represent  a  pure  inertia!  system.  The  navigation 
equations  are  mechanised  in  the  navigation  computer  in  the  conventional  way.  Compensation 
for  sensor  bias  may  be  included  in  the  navigation  equations 

The  information  available  in  the  navigation  computer  is  compared  with  reoundant  external 
data.  The  difference  is  the  measurement  data  used  in  the  filter  to  improve  the  estimate 
of  the  errore  of  the  system. 

These  error  estimates  of  the  filter  may  be  used  either  for  updating  of  the  navigation 
information  and  thus  for  correction  of  Inertial  Measuring  Unit  (IMU)  errors  (closed- loop 
operation),  or  for  improvement  of  the  error  model  (opea~lonp  operation)  or  both.  The 
block  ‘^controller"  regulates  this  operation. 

Because  some  of  the  errors  of  an  inertial  system  are  unbounded,  closed-loop  operation  is 
necessary  in  all  canes  where  inertial  systems  are  used  for  longer  mis*  <w  duration. 

The  derivation  of  the  Kalman  filter  equations  ia  omitted,  because  it  la  fc‘vea  m  the 
literature’**.  Their  basic  element*  are  no*  discussed.  The  system  can  be  described  by  a 
net  of  linear,  first-order  differential  rotations,  ehich  nay  be  eritten  in  matrix  rotation 
am  follow* 


A(t)xrt)  ♦  N(t ) 

(SB) 

M(t)X  *  v(t>  . 

(SB) 

Equation  (SB)  describes  the  error  props*  at  toe  or  *r.  inertial  aavltntor  with  B(t> 
being  the  forcing  function,  representing  a  mbit*  noise  process.  Ibis  set  of  equations 
can  be  obtained  by  eipamsloo  of  the  error  equal loss  about  the  Indicated  position,  velocity 
and  orleatatioa  of  tba  navigator.  Eqaetiom  (SB)  Is  the  measurement  equation.  It  relates 
the  values  of  the  error  state  vector  to  tho  measurement  data.  v(t)  represents  tbs 
measurement  Doles. 
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Since  continuous  equations  are  not  suitable  for  computation  on  digital  computers,  it 
is  necessary  to  transform  Equations  (38  and  (39)  into  the  discrete  form 

XK*i  =  i,  x  XK  +  hK  (40) 

Yk  =•  MkXr  +  vK  (41) 

where  Xj  =  system  error  state  vector  at  time  tK  ,  containing  velocity,  position  and 
platform  angle  errors,  error  contributing  parameters  like  gyro  drifts,  mis¬ 
alignment  angles,  accelerometer  bias,  and  measurement  variables  like 
Doppler  bias  etc.  The  state  vector  usually  consists  of  7  or  9  navigation 
state0,  7  or  more  IMU  states,  and  2  or  more  measurement  states. 

^K+i,K  =  stats  transition  matrir  relating  XKM  to  \  in  the  noise -free  case. 

hR  =  additive  whit-  noise  sequence  in  the  dynamical  system  at  time  tR  . 

Yk  =  observation  vector  of  measurement  data  at  time  tR  linearly  related  to 
XK  . 

Mk  =  measurement  matrix  at  time  tR  relating  YK  to  XK  in  the  noise-free 
case. 

vR  =  additive  white  noise  sequence  corrupting  measurement  data  at  time  tK  . 


The  following  five  equations  represent  the  basic  filter: 

XK+i  =  ^k+i,K  (42) 

h  =  xk+Bk(YK-V  («) 

Bk  =  P&m£[mkP*mJ  +  VK]*1  (44) 

PK+ 1  =  ^k+l,K  PK  ^K  +  l,K  +  »K  (45) 

PK  =  (I*Bj[H{)pJ[  ,  if  Bjj  of  Equation  (44)  is  used  ,  (46) 

where  7R  -  mkxk  . 


XR  =  a  priori  estimate  of  the  system  state  predicted  at  time  tR  before  using 
measured  data. 

X|{  =  a  posteriori  estimate  of  the  system  state  at  time  tK  after  using  measured 
data. 

PK  =  covariance  matrix  of  the  error  state  vector  x-j^  . 

Pg  =  covarinnce  matrix  of  the  error  state  vector  X-XK  . 

Hk  =  Ethj^hJ]  =  rivariance  matrix  of  the  system  noise. 

VK  =  E[vKvJ]  =  covariance  matrix  of  measurement  noise. 

=  weighting  matrix  at  time  tK  . 

These  equations  are  processed  on  an  iterative  basis  to  determine  consecutively  the  optimum 
estimate  XK  of  the  system  state  at  time  tK  . 
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Figure  10  is  a  block  diagram  of  the  Kalman  filter  computations  occurring  during  the 
period  tjj.j  to  tg+1  .  Block  0  is  a  mathematical  model  of  the  system  described  by 
Equations  (40)  and  (41).  the  state  of  this  system  is  to  be  estimated  by  block  (§)  . 

In  this  estimation  block,  the  measurements  Yg  corresponding  to  the  a  priori  estimate, 

Xg  ,  are  compared  with  the  real  measurements  YK  .  The  difference  multiplied  by  the 
weighting  matrix  Bg  is  then  used  to  determine  the  desired  a  posteriori  estimate  Xg  , 
as  given  by  Equations  (42)  and  (43).  Hie  weighting  matrix  computed  in  block  (§)  depends 
on  the  statistical  data  of  the  plant  noise  hg  and  the  measurement  noise  Vg  .  the  error 
covariance  matrices  Pg  and  PjJ  ere  also  computed  in  block  (§)  by  the  use  of  the 
recursive  formulae  (44),  (45)  and  (46). 

Some  remarks  are  now  made  in  conjunction  with  the  problems  of  filter  mechanisation  and 
initial  conditions.  It  is  not  possible  to  cover  this  area  exhaustively. 

the  system  state  vector  should  include  all  the  system  variables  to  be  estimated.  Since 
the  size  of  computation  grows  excessively  (approximately  by  the  third  power)  with  the 
runsber  of  variables,  appropriate  choice  is  of  great  importance.  In  very  accurate  or 
complicated  systems,  the  number  of  the  state  variab  es  may  be  too  large  to  be  processed 
on  the  computer  used.  In  such  cases,  a  sub-optimal  system  may  be  used,  where  some  of  the 
variables  are  omitted.  Another  method  is  the  partitioning  of  the  system  state  vector  by 
placing  the  variables  to  be  eliminated  in  one  sub -system  and  the  remaining  variables  in 
an  edJitional  sub-system*.  In  every  case  of  designing  a  sub-optimal  filter,  the  perform¬ 
ance  deterioration  due  to  elimination  or  partitioning  of  some  state  variables  should  be 
predetermined  by  digital  computer  simulation  and  compared  with  optimal  results. 

The  state  transition  matrix  Pt.t0  is  derived  from  the  state  matrix  A (t )  by  the 
differential  equation 

dt 

with  the  initial  condition  A  «.  =  i 

to.H 

this  equation  is  not  possible. 


(the  identity  matrix).  An  explicit  solution  of 


However,  if  A(t)  is  slowly  varying,  that  means  all  coefficients  can  be  assumed  con¬ 
stant  within  one  computation  cycle,  various  expressions  for  P  can  be  obtained.  In 
particular  the  solution  for  P  in  the  time  interval  t:  to  t2  for  constant  A  =  A (t j, )  is 

^t2,tj  =  e<tz‘tl)A(tl)  .  (48) 

If  the  time  interval  t2-tj  is  very  small  compared  to  the  system  dynamics,  then 

=  I  ♦  (t,-t,)A(tx)  ,  (49) 

where  higher  order  elements  are  neglected. 

If  the  Kalman  computation  cycle  At  =  tg+,  -  tK  is  too  large  to  satisfy  the  condition 

(49),  it  can  be  partitioned  by  computing  A  f  over  smaller  time  intervals 

ci  +  r 

Att  =  ti+1  -  tx  ,  where  At  =  pAtt  .  Since 

tf(t2,t0)  =  £(t2.t,)Mj.t0)  , 

we  obtain,  for  K  , 

p 

^C+i.k  =  ^  ^i,i-i  (50) 

i«i 


« 


The  driving  functions  in  Equations  (40)  and  (41)  are  restricted  to  white  noise.  If 
some  of  the  state  variables  are  effected  by  correlated  noise,  this  can  also  be  Included 
by  the  addition  of  shaping  filters.  These  filters  are  then  considered  to  be  excited  by 
white  noise  and  their  outputs  have  the  same  correlations  as  the  correlated  random  variables 
in  the  original  system. 

As  a  simple  example,  Markov  noise  processes  have  a  spectral  density  function  of  the 
form 


G  (co)  = 


+ 


and  can  be  described  by  the  differential  equation 

f(t)  +  w0f(t)  =  /(2TJw0)u(t)  ,  (52) 

where  u(t)  is  unity  white  noise.  This  equation  can  be  incorporated  in  Equation  (38), 
and  f(t)  is  one  of  the  state  variables.  It  may  be  emphasised  that  extension  to  correl¬ 
ated  noise  is  not  compromised  by  the  increase  in  the  number  of  state  variables. 

Ftor  the  initial  conditions,  the  variances  and  covariances  to  be  arrayed  in  the  co- 
variance  matrix  P*  should  be  known,  Since,  in  many  cases,  the  cross-correlations  will 
not  be  known,  the  initial  system  may  be  obtained  by  replacing  the  symmetric  matrix  P* 
by  a  diagonal  matrix  with  only  self-correlations,  as  in  Equation  (53): 

Covariance  Matrix  of  X 


During  the  Kalman  filtering  operation,  the  Pk  and  Pk  matrices  will  converge  to  the 
optimal  case  as  a  result  of  the  updating. 


It  has  already  been  proved,  by  extensive  system  simulations  and  actual  tests,  that  the 
optimum  filtering  method  is  a  powerful  tool  to  make  maximum  use  of  all  available  sensor 
information.  But  there  is  no  theoretical  or  closed-form  solution  to  find  the  “best" 
optimum  filter  for  a  particular  system.  Extensive  computer  simulations  and,  if  possible, 
actual  hardware  tests  are  required  to  optimise  the  filter  parameters  and  to  determine  the 
number  of  variables  that  should  be  estimated. 
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Fig. 3  General  block  dlagran  of  navigation  ayataaa 
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SUMMARY 


The  application  of  statistical  estimation  techniques  is  one  of  the  aore 
important  nee  developments  in  inertial  navltatlon.  These  techniques  make 
possible  significant  improvement  in  the  performance  of  a  navltatlon  system, 
even  vlth  no  change  in  the  quality  of  the  instruments,  by  allowing  the  sys¬ 
tem  to  continuously  calibrate  itself.  The  purpose  of  this  paper  is  to  des¬ 
cribe  the  operation  of  an  onboard  statistical  filter  and  discuss  some  of 
the  practical  consequences  and  problems. 

first,  the  basic  form  of  the  Kalman  recursi  e  filter  is  reviewed.  The 
basic  operation  of  the  filter  is  then  explained  using  a  simplified  example. 
Next,  simulation  results  are  shown  for  a  typical  air  transport  navigation 
problem  with  an  luertial  system  aided  fay  Doppler  radar  and  position  fixes. 
Several  applications  and  consequences  of  statistical  estimation  are  then 
described,  and  two  of  the  aore  important  practical  problems  in  applying 
statistical  estimation  procedures  are  discussed. 
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THE  IMPACT  OF  STATISTICAL  ESTIMATION  ON  INERTIAL  NAVIGATION 

Larry  D.  Brock 


1.  INTRODUCTION 

One  of  the  Most  important  aw  developments  in  Inertial  navigation  systems  is  the  use 
of  statistical  estimation  techniques  during  flight.  These  techniques  are  programmed  into 
a  flight  computer  and  provide  for  the  optimum  use  of  all  navigation  information.  The 
computer  program  is  normally  called  a  filter  because  of  its  cloee  association  slth  a 
conventional  filter  circuit.  The  computer  program  separates  the  navigation  information 
(signal)  from  the  errors  in  the  navigation  equipment  (noise).  The  statistical  filtering 
technique  in  most  common  use.  shich  ms  developed  by  R. E. Kalman 1 » *,  Is  closely  related 
to  the  statistical  filter  mork  of  N-Riener3. 

The  primary  applications  of  these  techniques  are  in  the  incorporation  of  external 
information,  such  as  Doppler  velocity  and  position  fixes,  into  an  inertial  system  and  in 
the  initial  alignment  and  calibration  of  the  inertial  platform.  Statistical  filtering 
mill,  in  most  cases,  give  significant  improvement  in  the  performance  of  a  navigation 
system,  even  eith  no  change  in  the  quality  of  the  instruments.  This  improvement  la  made 
possible  through  the  use  of  a  computer  technique  shich  not  only  combines  the  output  of 
the  various  systems  (inertial.  Doppler,  etc.)  in  an  optimum  way.  but  also  provides  a 
means  by  which  the  systems  continuously  calibrate  each  other.  The  purpose  of  this  paper 
is  to  describe  the  operation  of  an  onboard  statistical  filter  and  to  discuss  some  of  the 
practical  consequences  and  problems  resulting  from  its  use. 

First,  a  brief  intuitive  explanation  is  giveo  of  how  the  filter  works;  then  the 
equations  for  the  Ralaan  formulation  of  a  statistical  filter  are  summarised.  The  filter 
is  further  explained  by  the  application  of  the  equations  to  a  simple  example.  Next, 
simulation  results  are  given  for  a  typical  Nee  York  to  London  flight  using  na  inertial 
system  etth  Doppler  radar  and  position  fixes.  Finally,  some  of  the  more  elfalflcant 
results,  consequences,  sad  problems  are  discussed. 


2.  PCttCKIFTU*  OF  STATISTICAL  FILTER 

As  it  is  commonly  unco  in  a  navigation  system  a  statistical  filter  is  a  recursive 
technique  programmed  into  a  flight  computer  eblrb  uses  all  available  Information  to 
eetimate  the  errors  and  error  sources  la  the  system.  At  each  time  nee  information  is 
obtained,  a  sew  estimate  is  made  of  the  errors  mad  error  sources.  The  estimated  error  is 
subtracted  from  the  output  of  the  system  and  the  estimated  error  sources  (gyro  drift, 
accelerometer  acale  factor,  etc.)  are  compensated  for.  The  information  used  by  the  filter 
la  the  difference  between  the  basic  navigation  outputs  as  produced  by  the  different  sys¬ 
tem*.  few  pies  are  the  difference  between  the  velocity  as  measured  by  the  insrtial  system 
sad  that  ladles  ted  by  the  Doppler  radar  or  the  differemce  between  the  position  am  indicated 
by  the  inertial  system  and  that  indicated  by  LORAN.  The  eoeeatiel  iagredieat  of  the 
filter  ta  a  statistical  error  model  for  all  the  systems  involved  (lmertial.  Doppler,  etc.) 
The  computer  e attains  a  cmrremt  estimate  for  etch  term  lm  the  error  model.  This  estimate, 
based  om  all  previous  measu remeets,  is  periodically  updated.  At  the  tloe  of  each  new 
measurement,  the  difference  la  the  outputs  of  the  systems  is  predicted,  based  on  the 
current  estimate  of  the  errors  la  the  ay  stems.  If  there  is  a  differemce  be  twee  a  the  pre¬ 
dicted  difference  it  the  aye  terns  and  the  as  erne  red  differemce.  them  the  estimates  of  the 
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errors  are  not  as  good  as  they  could  be.  This  difference  between  the  predicted  and  actual 
measurements  is  used  through  a  set  of  weighting  coefficients  to  update  each  of  the  esti¬ 
mates  of  the  errors.  The  weighting  coefficients  are  variables  which  are  computed  period¬ 
ically  in  the  flight  computer  and  are  based  on  the  assumed  statistical  model  for  the 
errors.  This  computation  takes  into  account  the  past  history  of  the  system,  including  the 
effects  of  previously  applied  information  and  of  vehicle  motions  which  affect  the  system 
errors. 

The  basic  operation  of  a  filter  can  be  illustrated  by  the  following  hypothetical  situa¬ 
tion:  Suppose  a  human  navigator  is  monitoring  the  operation  of  an  inertial  system  on  a  long 
flight.  Also,  suppose  that  periodically  he  gets  position  fixes  from  other  sources  --  such 
as  LGRAN,  TACAN,  or  celestial  sightings  --  and  plots  the  difference  between  the  output  of 
the  inertial  system  and  the  fixes.  Now  if  the  human  navigator  has  had  considerable 
experience  with  inertial  systems,  he  will  recognize  that  the  relatively  smooth  trend  in 
this  difference  plot  (usually  with  an  84-minute  period)  is  primarily  the  inertial  system 
error  and  that  the  random  errors  are  primarily  the  fix  uncertainties.  He  can  also  probably 
tell  by  the  shape  of  the  inertial  error  curve  what  the  probable  causes  of  the  errors  are. 

For  example,  he  will  know  that  if  there  is  an  azimuth  misalignment,  the  error  curve  will 
change  in  a  certain  way  just  after  a  turn.  The  navigator  can  then  compensate  for  the 
errors.  It  would  be  very  impractical  for  even  a  highly  trained  human  operator  to  do  this 
much  work  during  an  actual  flight,  but  this  is  essentially  what  the  filter  does  automatic¬ 
ally. 


3.  THE  KALMAN  STATISTICAL  FILTER 

The  entire  process  discussed  in  the  preceding  section  can  be  described  mathematically 
with  a  relatively  concise  set  of  equations  developed  by  R.  E.  Kalman 1>2.  These  equations 
specify  the  optimum  statistical  filter  if  certain  assumptions  can  be  made  about  the  system. 
These  assumptions  are  that  the  uncertainty  in  the  estinates  of  the  system  variables  can 
be  described  by  a  set.  of  linear  equations  that  are  driven  by  uncorrelatea  (white)  noise. 
These  assumptions  imply  that  the  uncertainties  can  be  described  by  Gaussian  distributions. 
The  assumptions  are  not  very  restrictive  and  in  almost  all  navigation  problems  they  can 
be  made  with  little  loss  in  the  efficiency  of  the  filter. 

The  Kalman  filter  has  become  relatively  familiar;  thus  no  detailed  derivation  is  given 
here.  The  equations  for  the  Kalman  filter  are  given  as  a  reference  and  to  define  notation. 

The  basic  filtering  problem  is  to  produce  the  optimum  estimate  of  the  fundamental 
variables  (state  variables)  of  a  physical  system  from  a  set  of  measurements.  The  entire 
system  is  assumed  to  be  described  by  equations  of  the  form: 

x  =  Fx  +  n  (1) 

where  the  dot  indicates  differentiation  with  respect  to  time.  The  vector  x  is  the  state 
vector  and  includes  all  the  variables  of  all  the  systems  involved  in  the  measurement  pro¬ 
cess.  The  matrix  F  is  made  up  of  the  coefficients  of  the  linear  set  of  differential 
equations.  (It  is  not  necessary  that  the  basic  equations  be  linear.  If  they  are  not 
linear,  the  matrix  F  is  then  made  up  of  the  partial  derivatives  of  the  basic  equations 
with  respect  to  changes  in  the  state  variables  about  a  nominal.  For  this  discussion  it 
is  assumed  that  the  basic  equations  are  linear. )  The  vector  n  represents  the  white 
noise  which  drives  the  system.  True  white  noise  does  not  exist  in  the  physical  world 
since  it  implies  infinite  power.  The  white  noise  used  in  Equation  (1)  is  the  input  into 
an  analytical  system  (shaping  filter)  which  produces  the  noise  that  is  encountered  in  the 
real  system.  For  example,  if  it  is  assumed  that  gyro  drift  rate  is  a  stationary  random 
process  with  an  exponential  autocorrelation  function,  then  the  shaping  filter  would  be  as 
shown  in  Figure  1,  whore  w  is  white  noise,  dj.  is  the  random  drift  rate,  and  r  is 
the  correlation  time  of  the  drift.  If  it  is  assumed  that  gyro  drift  rate  is  described 


151 


by  a  random  walk  (8rownian  notion)  process,  then  the  shaping  filter  would  be  just  the 
integral  of  white  noise  without  the  feedback.  In  order  to  fit  the  total  system  into  toe 
framework  for  a  Kalman  filter,  it  is  necessary  to  include  the  basic  variables  of  all  the 
shaping  filters  into  the  state  vector  x  . 


It  is  assumed  that  measurements  are  made  at  discrete  times  and  are  given  by 


m  =  Hx  +  u  , 


(2) 


where  the  matrix  H  gives  the  relationship  between  the  measurements  and  the  state  vari¬ 
ables  and  u  represents  uncorrelated  errors  in  the  measurements.  The  optimum  linear 
filter  developed  by  Kalman  for  obtaining  the  optimum  estimate,  x  ,  of  the  state  variables 
x  .  from  a  series  of  measurements,  m  ,  is  given  by  the  set  of  equations: 


x 

E 


W 


x'  +  W(m  -  Hx') 

E'  -  W  HEf 

E'HT  (H  E'  HT  +  R)'1 


at 

measurement 

times 


r 


(3) 


x  =  Fx 

E  -  FE  +  EFT  +  Q 


between  measurements 


In  these  equations  the  prime  indicates  conditions  that  exist  just  prior  to  the  measurement. 
The  superscript  T  indicates  the  transpose.  The  matrix  E  is  the  covariance  matrix  of 
the  estimation  errors  and  is  defined  by 


E  =  Sx  SxT 


where 


Sx  = 


X  *  X  , 


The  bar  represents  the  expected  or  mean  value.  The  matrices  R  and  Q  are  defined 
by 

U  ( t )  U(T)  =  R  S  ( t  -  T) 


n(t)  n(r)  -  Q  S(t  -  r)  , 

where  5  is  the  unit  impulse  function  (de’ta  function).  A  diagram  of  a  system  with  a 
Kalman  filter  is  shown  in  Figure  2.  A  system  with  a  Kalman  filter  can  be  mechanized  in 
two  almost  equivalent  ways.  One  way  is  to  compensate  for  the  estimated  errors  by  simu¬ 
lating  their  effect  in  the  flight  computer  and  correcting  the  displays  accordingly.  Ihe 
other  method  is  to  actually  correct  the  error  source  in  the  physical  system,  Etor  example, 
if  an  estimate  is  made  of  a  gyro  drift,  then  the  gyro  is  torqued  to  remove  this  drift, 
Mathematically  the  two  methods  are  equivalent,  but  in  an  actual  system  there  may  he  some 
advantage  in  using  one  or  the  other. 


4.  EXAMPLE 

A  simple  example  will  help  illustrate  the  basic  operation  of  a  statistical  filter. 
Suppose  an  Inertial  navigation  system  iB  built  to  navigate  only  along  a  meridian  of  a 
spherical  non-rotating  earth.  Ihe  only  sources  of  error  are  assumed  to  be  an  initial 
tilt  error  and  gyro  drift.  Ihe  gyro  drift  has  an  initial  bias  value  and  varies  randomly 
during  the  flight  as  a  random  walk  (Brownian  motion).  Ihe  inertial  system  is  to  be  aided 
by  a  Doppler  radar  with  a  scale  factor  error  and  uncorrelated  errors  at  sample  times.  Ihe 
scale  factor  error  is  also  described  by  random  walk.  Ihe  inertial  velocity  and  Doppler 
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velocity  are  to  be  compared  and  the  difference  is  to  be  used  in  a  Kalman  filter  to  produce 
corrections  to  the  inertial  and  Doppler  systems.  A  block  diagram  showing  the  operation  of 
the  system  is  given  in  Figure  3. 


In  the  figure  vd  is  the  Doppler  velocity,  ev  is  the  uncorrelated  error  in  the 
Doppler  measurement,  a  is  measured  acceleration,  Vj  is  inertial  velocity,  p  is  posi 
tion,  and  Rg  is  the  radius  of  the  earth.  The  small  circled  numbers  indicate  where 
corrections  from  the  filter  go  back  into  the  system. 


Hie  equations  which  describe  the  errors  in  the  inertial  systems  are 

Ap  =  Avi 

Av^  =  gAa 

a-  Av.  A 

Aa  = - i  +  Ad 


(4) 


Ad  = 


"d 


where  Aa  is  the  tilt  of  the  platform  relative  to  the  vertical,  g  is  the  acceleration 
of  gravity.  Ad  is  the  uncompensated  gyro  drift,  and  nd  is  the  white  noise  which  gives 
gyro  drift  the  proper  random  walk  characteristics.  The  error  in  the  Doppler  velocity  is 


Av,  =  v  ASF  +  ev 


ASF  = 


(5) 


where  v  is  the  total  velocity,  AsF  is  the  scale  factor  error,  and  n#  is  white  noise. 
The  basic  measurement  is  the  difference  in  velocity, 


Av  = 


Av.  -  Av, 


(6) 


The  most  convenient  set  of  state  variables  for  this  problem  is  position  error  Ap  , 
inertial  velocity  error  Ava  ,  platform  tilt  Aa  ,  gyro  drift  Ad  ,  and  scale  factor  error 
ASF  .  Written  in  matrix  form,  the  differential  equations  for  the  state  variables  are 


Ap  " 

Avf 

Aa 

= 

Ad 

ASP 

The  measurement  equation  is 

Av  = 


1 

0 

0 

0 

[o  1 


0 

8 

0 

0 

0 


0 

0 

1 

0 

0 


0 

0 

0 

0 

0 

-v] 


Ap 

'o' 

Avi 

0 

Aa 

+ 

0 

Ad 

nd 
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.V 

(7) 
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Avi 

Aa 

Ad 

ASF 


-  <„ 


(8) 


153 


The  filter  for  this  probelm  is  now  completely  specified  by  Equation  (3)  where  the  * 
vector,  F  matrix,  n  vector,  H  matrix,  and  u  vector  are  defined  by  Equations  (7) 
and  (8).  The  matrices  R  and  Q  are  defined  by 

R  =  ti|] 


where 

nd(t)  nd(T)  =  Nd  S(t  -  r) 

n8(t)  nB(r>  =  ns  b(t  -  t)  . 

The  initial  estimates  for  the  state  variables  are  assumed  to  be  zero.  It  is  also  assumed 
that  there  is  no  initial  cross-correlation  between  state  variables,  the  initial  co- 
variance  matrix  E  is  then  a  diagonal  matrix  made  up  of  the  expected  mean  squared  value 
of  each  of  the  variables  themselves,  since  the  initial  estimates  are  zero.  With  numbers 
specified  for  all  the  constants  Involved,  all  the  information  is  now  available  to  program 
the  filter  for  this  problem  into  a  flight  computer. 

The  results  for  the  simulated  operation  of  this  system  are  given  for  the  following 
typical  values: 

Initial  position  error  =  0 

initial  velocity  error  =  o 

initial  tilt  =  0.2  minutes 

initial  gyro  drift  =  0.015° /hr 

initial  scale  factor  error  =  0.  Sf 

random  walk  gyro  drift  (Nd)  =  (0. 0015°/1>r) */hr 

random  scale  fvtor  (Nf)  =  (0. 051) Vhr 

uncorrelated  velocity  error  (/it)  =  0.5  knots. 

It  is  assumed  that  the  vehicle  accelerates  to  500  knots,  holds  this  velocity  for  one  hour, 
accelerates  to  1200  knots,  and  then  stops  after  4  hours.  Figure  4  shows  the  position, 
velocity,  and  tilt  error  in  the  inertial  system  without  the  filter.  Figure  5  shows  the 
same  variables  with  the  filter.  Figure  6  shows  the  estimates  of  gyro  drift  and  scale 
factor  error  that  are  made  by  the  filter.  Figure  7  shoes  the  expected  uncertainty  in 
each  of  the  state  variables.  These  uncertainties  are  given  by  the  square  root  of  the 
diagonal  elements  of  the  covariance  matrix.  It  cap  be  seen  that  there  is  a  drop  in  most 
of  the  uncertainties  at  one  hour  when  the  velocity  changed.  This  is  because  the  change 
in  velocity  helps  the  filter  distinguish  between  inertial  errors  and  Doppler  errors, 
because  the  Doppler  errors  depend  on  velocity  while  the  inertial  errors  do  not. 
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5.  SIMULATIONS 

The  next  set  of  figures  shows  the  results  of  a  much  more  realistic  example.  The  Siam* 
lation  is  of  a  supersonic  transport  flying  on  a  great  circle  flight  from  New  York  to 
London.  The  plane  flies  at  500  knots  over  land  and  1200  knots  over  the  Atlantic.  The 
aircraft  carries  an  inertial  system  and  a  Doppler  radar  system  which  are  combined  by  a 
statistical  filter  which  also  processes  check  point  information.  The  inertial  system  has 
a  variety  of  errors,  including  0.015  deg/hour  gyro  drift  rate  and  0.1%  scale  factor  errors 
in  the  gyros  and  accelerometers.  The  system  begins  navigation  15  minutes  before  th»  air* 
plane  begins  moving,  with  1  degree  errors  in  vertical  alignment  and  azimuth.  Thus  the 
navigation  program  algo  performs  the  Initial  alignment  and  gyrocoapassing  operation.  The 
Doppler  radar  has  a  random  walk  scale  factor  error  with  a  0.3%  initial  value.  When  the 
circiaft  is  over  water,  there  is  a  Doppler  velocity  error  due  to  surface  motion  and  due  to 
ocean  currents.  The  Kalman  filter  is  not  optimum,  in  that  the  scale  factor  errors  and 
Doppler  errors  caused  by  operation  over  water  are  not  included  in  the  filter.  These  errors 
are  absorbed  by  other  terms.  This  is  not  the  ideal  situation  but  is  realistic  considering 
the  limitations  on  computer  size.  Figure  8  shows  the  pure  inertial  error.  The  error  which 
results  when  the  inertial  system  is  augmented  by  Doppler  radar  and  filtering  is  shown  in 
Pigure  9.  The  same  conditions  exist  in  Pigure  10.  except  that  conventional  filtering  is 
used.  Pigure  11  shows  the  results  when  four  position  fixes  that  have  a  root-mean-square 
uncertainty  of  1000  ft  are  incorporated  into  the  system. 


6.  APPLICATIONS  AND  CONSEQUENCES  OF  FILTERING 

The  most  important  application  of  filtering  techniques  is  essentially  the  one  illus¬ 
trated  in  the  previous  example,  that  of  combining  various  sources  of  intonation  during 
navigation.  The  Kalman  filter  gives  a  unified  method  of  combining  information  from  any 
source:  inertial.  Doppler,  stellar.  LOMN.  TACAN,  Dacca,  communications  satellite,  mul¬ 
tiple  inertial  systems,  etc.  lien  a  statistical  filter  is  used  with  an  external  velocity 
source,  two  of  the  classical  problems  in  Inertial  navigation  *  damping  and  gyrocoapassing 
•  are  automatically  solved  in  an  optimum  way.  The  84-minute  and  24-hour  period  oscilla¬ 
tions  of  the  inertial  system  errors  are  described  by  the  error  equations  which  are  written 
into  the  filter.  In  fact,  these  characteristics  are  one  of  the  primary  means  by  which  the 
filter  distinguishes  inertial  errors  from  other  errors.  Thus,  theao  error  oscillations 
are  automatically  ‘'damped".  Also,  the  filter  uses  all  available  intonation  to  estimate 
the  position  and  velocity  of  the  vehicle.  This  includes  obtaining  an  indication  of  the 
direction  of  North  by  measuring  the  rotation  of  the  gravity  vector  that  is  due  to  the 
rotation  of  the  earth.  Thus,  a  system  with  a  filter  is  continuously  “gyrocompass ing". 
Kalman  filtering  can  be  used  for  optimum  damping  and  gyrocoapassing  even  with  no  external 
reference.  (See  Reference  4).  However,  even  optimum  damping  is  probably  not  very  effec¬ 
tive  for  an  aircraft  inertia 1  navigation  system. 

Another  classical  problem  which  is  greatly  aided  by  statistical  filtering  techniques  is 
the  ioltial  alignment  and  calibration  of  an  inertial  system.  A  filter  of  the  same  form 
as  that  used  for  navigation  can  be  used,  during  pre-flight,  to  process  external  information 
in  order  to  estimate  the  misalignments  and  alacallbratlona  of  the  system.  The  external 
information  may  be  Just  the  fact  that  the  aircraft  is  not  moving,  so  that  any  bias  velocity 
is  velocity  error.  The  state  variables  that  are  used  in  the  pre-flight  filter  normally 
include  platform  misalignments,  gyro  drifts,  and  say  other  terns  which  might  be  subject 
to  day  to  day  variations,  such  as  gyro  and  accelerometer  scale  factors.  In  addition,  the 
calibration  program  might  be  run  with  the  platform  in  several  different  attitudes  to  help 
the  filter  separate  error  sources. 

The  calibration  problem  sad  the  navigation  problem  are  so  similar  that  in  many  cases 
the  sane  computer  program  can  be  used.  It  is  necessary  to  include  in  the  navigation  filter 
most  of  the  major  inertial  ay  a  tea  error  sources,  such  as  misalignments  sad  gyro  drifts. 
These  parameters  are  the  sane  ones  that  must  be  estimated  during  the  prw- flight  calibration 
program.  Thus,  with  only  quantitative  chaws  in  some  of  the  statistical  valuvs  describing 
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the  system,  the  navigation  filter  will  also  handle  the  calibration  oroblea.  For  exaaple, 
a  filter  which  is  designed  to  use  Doppler  radar  aeasureaents  can  he  used  for  calibration 
by  Baking  the  Doppler  measurement  zero  and  by  greatly  reducing  the-  assumed  error  in  tbe 
Measurement. 

In  Most  cases,  filtering  techniques  will  both  ioprove  the  accuracy  of  the  calibration 
process  and  shorten  the  tine  required.  A  filter  can  easily  handle  the  problem  of  Motion 
during  tbe  alignment,  such  as  wind  buffeting,  and  can  aluo  be  Mechanised  to  account  for  the 
changing  characteristics  of  components  during  warn-ur.  Hie  sne  type  of  filter  can  be 
used  to  transfer  alignaent  fro®  a  Master  system  to  aoocher  inertial  systea,  such  as  in 
aircraft  carrier  operations. 

Filtering  techniques  are  also  useful  for  post-flight  analysis  of  navigation  systeas 
during  a  test  prograa.  In  this  application,  all  recessary  systea  data  is  recorded  during 
flight,  along  with  all  available  reference  data.  The  reference  data  is  used  in  the  same 
way  as  it  Is  used  in  flight;  but  reference  data  is  usually  auch  sore  accurate  and  the 
error  model  for  the  navigation  systea  can  be  auch  aore  complete.  In  post- flight  analysis 
even  better  use  of  the  information  can  be  aide  by  extending  the  filter  to  Include  optiaua 
smoothing  techniques,  which  means  that  reference  data,  ia  used  from  both  sides  of  the  point 
in  question. 

One  of  the  most  important  consequences  of  the  use  of  statistical  filtering  for  naviga¬ 
tion  is  that  it  changes  the  basic  figure  of  merit  for  the  component  parts  of  the  navigation 
systea.  Ihe  dynamic  and  statistical  nature  of  the  error  becomes  very  important  in  addition 
to  its  absolute  accuracy.  Wist  is  ui  Irately  important  is  the  total  accuracy  of  the 
overall  systea  after  the  measurements  have  bean  processed  by  the  filter.  Thus,  mhat  Is 
important  is  the  ability  of  tbe  filter  to  detect  and  compensate  for  the  errors.  Fbr 
example,  if  a  component  has  poor  day-to-day  stability  but  the  error  la  nearly  constant 
once  warmed  up.  the  total  :  ystea  accuracy  sight  he  better  than  elth  a  component  elth  better 
absolute  accuracy  but  eit,i  less  stability  during  the  flight.  The  per  erne  te  re  that  give  a 
measure  of  this  leek  of  stability  during  fl.ght  are  the  shite  noise  inputs  which  drive  the 
error  equations.  These  are  given  ny  the  Q  and  R  matrices  in  the  filter  creations  (see 
Equation  (3)).  Thus,  one  of  the  important  parameters  of  a  component  la  the  slse  of  tl.s 
white  noise  term  that  la  a  part  of  the  error  model  for  that  component.  Fbr  example,  if 
gyro  drift  can  truly  be  described  by  a  random  «lk  model  as  used  In  the  exaaple  in  Section 
4.  then  an  1 sport an t  figure  of  merit  for  a  gyro  la  the  increase  in  mean  squared  gyro  drift 
per  unit  time.  The  units  for  this  parameter  sould  be  (deg/hour) ’/hour.  Men  a  filter  is 
used,  this  number  might  be  more  important  than  the  drift  rate  itself. 

An  even  more  important  consideration  is  the  dynamic  characteristics  of  the  errors.  If 
s  filter  is  used  to  combine  the  information  from  teo  systems  which  have  errors  elth  the 
•erne  dynamic  characteristics,  then  the  filter  esn  do  little  more  than  produce  m  statistical 
average  ahlcb  might  reduce  the  error  around  20  to  80S.  On  the  other  hand,  if  the  errors 
have  unique  dynamic  characteristics,  thee  tbe  filter  sill  be  able  to  distingultfi  the  errors 
and  obtain  a  possible  70  to  Ml  Improvement.  As  was  mentioned  in  the  examples,  this  si  tui¬ 
tion  is  am  advantage  when  an  inertial  system  sad  Dopier  radar  are  combined.  Stoat  inertial 
errors  are  related  to  some  inertial  direction  while  Doppler  errors  are  related  to  aircraft 
axes.  Thus,  shea  s  turn  is  made,  the  filter  is  to  some  degree  able  to  distinguish  mad 
calibrate  the  errors. 

A  very  valuable  by-product  of  the  use  of  etmtiutiemi  filtering  lu  that  am  e  priori 
estimate  is  available  at  all  times  for  the  accuracy  of  the  navigatlno  system.  This  feature 
hue  at  least  three  possible  usee.  First,  the  isformstion  could  be  displayed  directly. 

The  navigation  system  mould  then  give  the  vehicle  operator  not  oaly  the  ladicated  position 
end  velocity,  hut  the  eat tested  accuracy  of  these  numbers,  la  same  situations  this  informa¬ 
tion  could  he  invaluable.  Secondly,  a  record  could  be  Sept  of  the  actual  and  estimated 
error  ia  the  system,  for  example,  at  terminal  pints,  if  there  sere,  un  an  average,  too 
auch  discrepancy  between  hoe  sell  the  system  sms  doing  and  hoe  it  thought  it  earn  doing, 
this  mould  indicate  that  the  system  eas  not  operating  properly.  As  problem  coaid  be  due 
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either  to  some  component  which  wee  exceeding  specifications  or  to  iaproper  modeling  of  the 
system.  A  third  use  of  this  statistical  data  would  be  the  automatic  editing  of  the  input 
data.  Die  filter  already  has  an  estimate  of  the  expected  error  in  the  measurements.  Thus, 
if  a  measurement  is  in  error  by  more  than  three  or  four  standard  deviations,  it  can  be 
automatically  rejected  and  indication  can  be  given  to  the  operator  that  something  might  be 
wrong. 


7.  PROBLEMS 

Two  of  the  most  important  problems  in  the  use  of  statistical  filtering  are  the  require¬ 
ments  for  a  large  flight  computer  and  the  need  for  adequate  statistical  models  of  the 
component  parts  of  the  system. 

The  computational  problem  is  due  to  the  necessity  of  computing,  in  real  tine,  the 
optimum  statistical  weighing  factors.  The  weighing  factors  involve  the  integration  of  a 
matrix  differential  equation  for  tbe  covariance  matrix  (see  Equation  (3>).  This  matrix  has 
dimensions  n  x  n  .  where  n  is  the  number  of  variables  being  estimated  by  the  filter. 

The  amount  of  computation  required  is  roughly  proportional  to  n3  .  Thus,  tbe  more  com¬ 
plete  the  model,  the  worse  the  computational  problem.  For  a  particular  navigation  system 
there  will  be  a  trade-off  between  accuracy  and  computer  capability  something  like  the 
hypothetical  curve  shown  in  Figure  12.  For  any  system  there  will  be  a  point  beynd  which 
a  larger  computer  gives  very  little  improvement.  Considerable  knowledge  of  the  system  is 
needed  to  actually  determine  the  trade-off  between  accuracy  and  coaputer  size.  This  fact 
leads  into  the  other  major  problem. 

The  other  major  problem  is  the  need  for  statistical  models  for  all  the  instruments 
Involved  in  the  navigation  system.  Computer  simulations  of  typical  navigation  problems 
using  supposedly  realistic  statistical  models  produce  outstanding  performance  when  Kalman 
filtering  la  used.  But  the  results  in  the  real  world  are  not  necessarily  this  good, 
because  of  unsuspected  errors  with  which  the  filter  is  not  capable  of  coping.  A  detailed 
ctatistical  error  model  for  an  inertial  aystem  has  not  really  been  essential  in  the  past, 
hut  now  that  the  model  is  actually  a  part  of  the  system,  its  determination  is  much  more 
iaportsnt.  Tb  be  confident  of  having  a  complete  model,  it  is  necessary  to  teat  the  system 
in  am  operational  environment  as  near  as  possible  to  the  one  in  which  the  system  is 
actually  going  to  be  used.  This  flight  test  program  is  necessary  to  assure  that  the  stat¬ 
istical  filter  can  handle  say  peculiarity  in  the  system.  It  is  vwiy  helpful  in  this  flight 
test  program  to  record  all  information  that  is  necessary  to  "re-fly*  the  flight  on  a  ground- 
based  computer.  «ith  this  recording  it  is  possible  to  change  the  filter  and  determine 
what  the  results  would  have  been  without  having  to  re-fly  the  aircraft.  It  is  thus  possible 
to  optimise  the  filter  with  great  savings  la  flight  test  expenses. 


t.  CBNCtUSIBMS 

It  is  very  likely  that  a  large  percentage  of  the  aircraft  in  the  future  will  use  inertial 
navigation  equipment  sad  that  the  mechsaimsti  of  these  systems  will  be  greetly  influenced 
by  stntlntical  Mitering  techniques.  These  techniques  are  in  an  early  stage  of  development 
and  much  experience  is  aesded  to  determine  Just  how  they  should  be  used.  In  many  cases, 
it  is  likely  that  a  simplified  filter  will  produce  results  which  are  nearly  optimum,  on 
the  other  head,  new  developments  in  very  highly  capable,  but  less  expensive,  flight  com¬ 
pete  re  any  make  desirable  eves  more  sophisticated  filtering  techniques,  to  either  case, 
the  Kalman  filter  equations  give  a  unified  foundation  from  which  practical  mechanisations 
can  be  developed. 
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SUMMARY 


Under  sponsorship  of  the  United  States  Air  Force  Cambiidge  Research  Lab¬ 
oratories  the  Massachusetts  Institute  of  Technology  undertook  to  apply  the 
techniques  of  inertial  guidance  to  airborne  gravimetry.  Tests  of  a  nissile 
acceleroaeter  used  as  a  gravimeter  on  a  stabilized  platforo  aboard  a  KC135 
aircraft  ensued. 

The  results  of  an  error  analysis  of  the  stabilization  and  navigation 
requirements  are  presented.  Navigation  requirements  are  divided  into  hori¬ 
zontal  and  vertical  coordinates,  in  the  horizontal  coordinates  accurate 
velocity  is  shown  to  be  the  aost  demanding  requirement.  In  the  vertical 
coordinate,  filtering  is  required  to  distinguish  between  gravitational  and 
inertial  reaction  forces. 

The  design  of  the  experimental  gravimetric  system  is  then  discussed,  with 
emphasis  on  the  pendulous  gyro  gravimeter  and  on  the  stabilization  system. 

Some  results  of  the  flight  tests,  which  started  in  November  1966,  are 
presented  in  the  fora  of  raw  data  and  reduced  observations.  Incidental  data 
involving  air  turbulence  and  aircraft  motion  are  also  presented. 


NOTATION 


seBi-najor  axis  of  reference  ellipsoid 

acceleration  along  the  local  vertical 

Eotvos  correction 

earth’s  flattening  (1/298.3) 

specific  force  along  North.  East 

specific  force  along  y  aircraft  coordinate 

altitude  of  aircraft  above  reference  ellipsoid 

aircraft  groundspeed 

gravity  at  sea  level 

longitude 

geographic  latitude 

earth  rotation  rate  (7.29  *  10"*) 

ground  track  angle  Measured  froa  north 

used  as  prefix  to  denote  increaent  or  error  in 
a  quantity 


ca 

cB/sec 7 
ca/sec 2 

ca/sec 7 
ca/sec* 

CB 

cm/sec 

ca/sec* 

rad 

rad 

rad  /sec 
rad 
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APPLICATION  OF  INERTIAL  TECHNOLOGY  TO 
AIRBORNE  GRAVIRETRY 

Elmer  J.Frey  and  Raymond  B. Harlan 


I.  INTRODUCTION 

Gravimetry  is  the  measurement  of  the  force  of  gravity  and  mas  first  done  in  static 
conditions  on  the  surface  of  the  earth.  The  instruments  used  for  this  purpose  have  prin- 
cipally  involved  measurement  either  of  the  period  of  a  pendulum  or  of  the  distortion  of  an 
elastic  spring1.  During  the  1920s  Vening  Mainesz2  used  pendulum  apparatus  to  measure 
gravity  at  sea  aboard  a  submerged  submarine,  and  in  the  folloming  decade  spring-type 
gravimeters  mere  designed  for  use  in  relatively  static  conditions  at  the  sea  bottom  at 
modest  depths1.  In  1957  Rorzel3  measured  gravity  at  sea  on  board  a  surface  ship  using  the 
spring-type  meter  of  Graf,  and  not  too  much  later  the  elastic  spring  meters  of  laCoste- 
Romberg  mere  slso  successfully  used  on  surface  ships  at  sea.  Finally,  in  1959.  the  first 
experiments  in  airborne  gravimetry  mere  conducted  by  Thompson  and  LaOnste*.  These  mere 
soon  follomed  by  other  experiments  in  airborne  gravimetry,  notably  those  of  Nettleton. 
LaOoste,  Glicken.  and  Harrison5**,  almays  using  elastic  spring  gravimeters.  Thus,  the 
measurements  have  progressed  from  static  conditions  to  increasing  levels  of  velocities  and 
accelerations. 

A  gravimeter  measures  specific  force,  and  is  thus  identical  in  function  to  an  accelero¬ 
meter.  except  for  the  anticipated  environment.  A  aeisometer  nay  also  be  considered  to  have 
an  identical  function,  and  in  fact  several  of  the  current  graviaeters.  such  as  the  LaCoste- 
Romberg,  are  adaptations  of  the  UCoete  seismograph  suspension  system.  The  standard  unit 
of  the  geodesist  is  the  nilligal,  mith  a  value  of  0  001cm  sec2  or  approximately  10'* 
gravity;  a  land  gravimeter  is  expected  to  have  an  accuracy  of  *t  least  0  1  nilligal.  or 
approximately  10'*  gravity,  and  instruments  mith  considerable  higher  resolution  have  been 
used  for  many  years.  Homever.  such  units  must  be  clamped  mring  transportation,  and 
usually  have  a  very  limited  range  of  static  measurement  typically  a  fern  thousand  ml  lit  gala, 
and  sometimes  less  than  50  ailligala.  Exposure  of  an  uncaged  instrument  to  conditions 
beyond  this  range  necessitates  recallbratlon  and  me.-  produce  permanent  damage.  Therefore, 
the  instruments  designed  for  t  dynamic  envtronmer.  have  amrrificed  some  of  the  resolution 
•ad  accuracy  of  the  static  instruments  in  order  to  survive  sad  measure  m  the  dynamic 
environment.  Nevertheless,  the  eurfnce  ship  and  airplane  aeaeuremeate  aenttooed  thus  far 
all  caployed  instruments  shtch  sere  basically  adapts! ions  of  static  land  gravimeter  designs. 

The  measurement  of  gravity  on  a  moving  vehicle  introduces  other  problems  besides  those 
of  the  grtv latter,  for  example.  It  becomes  necessary  to  provide  angular  stabilization  or 
indication  in  order  to  point  the  sensitive  axis  of  the  gravtneter  in  the  proper  direction. 

along  the  gravity  vector.  In  addition,  it  becomes  necessary  to  distinguish  between 
the  accelerations  of  gravity  and  ver acceleration*  atth  respect  to  the  earth,  both  of 
ahlcb  affect  tbe  instrument  equally,  by  seme  appropriate  filtering  process.  Fiaally.  it 
la  also  necessary  to  distinguish  tbe  vertical  Coriolis  acceieratioas  due  to  boriaoatal 
velocities,  stilch  implies  that  these  velocities  must  also  be  knoen.  These  requirements 
further  limit  the  accuracy  and  the  resolution  of  gravimetry  on  board  a  novlng  vehicle, 
particularly  on  an  aircraft  ahere  altlneter  accuracy  Halts  the  ksoeledge  of  the  vertical 
accelerations  as  veil  as  of  *he  altitude  itself.  Consequently,  even  n  perfect  gravtneter 
eitb  infinite  resolution  can  provide  only  results  consistent  «ith  the  other  sources  of 
inaccuracy. 
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Since  the  aessureaent  of  specific  force,  angular  stabilization,  and  indication  of 
position  and  velocity  are  all  the  subject  natter  of  inertial  navigation,  the  application 
of  the  techniques  and  equipment  of  this  field  to  airborne  gravimetry  is  logical.  In  1965 
the  Experimental  Astronomy  Laboratory  started  a  study  cf  the  possibility  of  using  inertial 
equipment  for  airborne  gravimetry.  The  study  led  to  the  selection  of  an  accelerometer 
for  test  as  a  potential  gravimeter,  and  the  assembly  of  a  stabilization  platform  for  the 
gravimeter  for  a  flight  test  program.  8y  late  1966  experimental  gravimetric  flights  were 
being  conducted  in  a  United  States  Air  Fbrce  KC-135  aircraft,  using  this  equipment  and 
the  navigation  system  afaich  already  existed  in  the  aircraft. 


2.  STABILIZATION  ANO  NAVI6AT ION  SYSTEM  ANALYSIS 


2.  1  Stabilisation 

A  specific  force  aloug  any  direction  can  be  computed  from  force  measurements  made  in 
three  arbitrary,  but  knovn,  orthogonal  directions.  Thus  in  principle  a  "strspdown** 
measurement  system  of  three  Instruments  could  be  used  for  gravity  mt&< urgent.  Sneh  an 
arrangement  requires  three  accurate  instruments  rather  than  one.  atd  in  addition  retires 
very  high  accuracy  in  the  determination  of  the  direction  of  the  ioput  ax*s.  of  the  instru¬ 
ments  and  stability  in  these  directions  sith  respect  to  each  other.  A  typical  error 
coefficient  for  alignment  uncertainty  ia  three  milligala  per  arc  second.  Consequently, 
it  ia  preferable  to  use  one  instrument  aligned  along  the  desired  direction,  because  the 
courses  floen  can  be  rather  smooth,  and  accelerations  normal  to  rhe  desired  direction  may 
be  kept  email.  This  reduces  alignment  errors  to  a  second-order  effect. 


If  a  pendulous  gyro  accelerometer  is  used  for  a  gravimeter,  an  additional  requirement 
ia  made;  since  the  output  of  the  instrument  is  a  rotation  about  the  input  axis,  it  -mist 
either  be  stabilised  about  the  vertical  axis  or  the  aelmuth  motion  of  the  case  must  be 
kaoea. 

examine  first  the  alignment  error  for  a  static  gravity  measurement  on  land  or  nt  the 
sea  bottom.  In  this  came  the  instrument  is  to  be  aligned  along  the  gravity  vector,  and 
there  ia  no  horiaontal  acceleration.  Thus  alignment  any  be  done  by  levels,  and  an  error 
in  vertlcality  produces  an  error  ftci?)*  in  the  mesrureasot.  so  that  a  one  *l*’.i- 
radian  error  in  leveling  produces  about  one  half  nilhgal  error,  and  a  »>n*  tre  nlnute 
error  produce*  about  0  04  ailligsl.  Land  and  sen  bottom  gra*i.u»t*'fs  are  usually  leveled 
hy  static  methods. 


Early  submarine  and  shipboard  gravimeters  »ere  ;>v»led  by  use  of  pendulous  slabs] 
aystama,  with  periods  of  the  order  of  one  or  too  minutes.  Since  the  pendulous  gimbals 
follomed  the  apparent  vertical.  i.».  the  specific  force  vector,  the  resulting  measurement* 
bad  to  be  corrected  for  the  horiaontal  acceleration*  stuck  sere  sensed  and  for  the  second- 
order  reduction  in  the  gravity  vector  seated.  This  latter  computation,  called  the  Broene 
correction’,  is  about  50  milligala  for  a  horiaontal  acceleration  of  O.OIg  and  increases 
with  the  square  of  the  acceleration.  The  aanlo*  computation  common iv  need  to  compute 
this  correction  ega  also  used  to  make  partial  correction  for  the  dynamic  response  of  the 
gimbals'**'*.  8*ostqeeatiy  gyro- stabilised  platforms  sere  used  to  replace  the  pendulous 
g label  systaas.  reducing  considerably  the  effect  of  borisuatal  accelerations* 9‘  *\ 


In  nanlyaing  the  stabilisation  requirement,  the  fir**  step  ia  to  express  the  horiaontal 
specific  force  of  the  vehicle  ia  a  suitable  coordinate  system.  Is  bori soots!  flight, 
neglecting  mil  terms  la  the  earth's  flattening  reduces  the  expressions  for  North  and  East 
•pacific  force  to*' 

f„  -  -m£  -  a*.(A  ♦  2->  «in  £  cos  »  il) 


-mk  cos  -t  *  2mS**.  «  «•»  eln 


(2) 


*  • 
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Note  that  the  centripetal  ter*  a-2  sin  P  cos  t>  is  part  of  the  gravity  vector  and  thus 
does  not  appear  in  the  horizontal  acceleration  expression. 

Since  graviaetric  survey  flights  are  likely  to  felloe  siaple  patterns,  it  is  convenient 
to  look  at  components  of  horizontal  specific  force  for  great-circle  and  rhuab-line  flights 
at  constant  speed.  Along  the  flight  direction.  the  specific  force  is  zero;  normal  to 
the  flight  direction,  for  great -circle  flights.  1'  is 

f,  =  2Vb.  sin  P  .  (3) 

and  for  rhumb- line  flights  it  is 

*  V2 

f,  =  2Vt*  sin  P  *  —  tan  P  sin  *  .  (4) 

1  a 

Fbr  great -circle  courses  at  400  knots,  the  Coriolis  acceleration  of  2^  sin  P  can  be 
as  much  as  3000  alllignl*.  and  is  the  dominant  sustained  horizontal  acceleration.  At  400 
knots  and  90°  or  270°  heading,  the  additional  rhumb-line  acceleration  reaches  the  same 
value  at  latitudes  above  75°.  Thus  a  reasonable  estimate  for  sustained  mean  horizontal 
acceleration  for  all  flights  is  3000  allligals;  this  is  the  cross-acceleration  term  vhlch 
produces  alignment  errors  if  the  gravioeter  is  to  be  oriented  along  the  gravity  vector. 

Tbt-  error  sensitivity  in  this  case  is  approximately  one  allligal  per  arc  minute  of  tilt 
in  the  roll  direction. 

Several  poaaibilitlea  for  stabi lima* ton  coordinates  appear.  One  is  the  usual  North. 
East,  and  vertical  system  eomr-d&iy  useu  in  navigation  platforms.  Another  la  a  smoothed 
or  averaged  apparent  vertical  s«:h  as  is  provided  by  an  aircraft  vertical  gyro  rtferencm; 
this  has  the  disadvantage  of  being  sensitive  to  hcri^utal  accelerations  of  short  duration, 
which  means  that  both  a  Broane  correction  and  a  cross-acceleration  correction  eust  be 
applied,  the  cross-acceleration  correction  may  fee  cenr*  i  from  navigation  information 
and  knu* ledge  of  the  dynamic  resins*  of  tbe  stable  element,  but  involves  inaccuracies 
arising  from  these  sources'- ls. 

Another  coordinate  system  vhicb  follows  the  apparent  vertical  for  flight  paths  uoaccel- 
eratad  elth  respect  to  the  rotating  earth  is  possible,  and  mould  present  tbe  advantages 
of  making  tbe  cross-accelerations  for  such  flights  approximately  zero.  Such  a  coordinate 
system  is  that  abich  a  local  vertical  inertial  navigation  platform  aould  folio*  U  the 
Coriolis  acceleration  compensations  aere  omitted.  Tbe  Browne  correction  would  again  be 
required,  but  tbe  pint  fora  attitude  could  be  more  easily  determined  and  the  Broane  correc¬ 
tion  could  be  confuted  rather  t.-sily  sad  accurately.  Tbe  error  semsitivity  for  such  a 
configuration  aould  depend  primarily  on  rhumb-line  accelerations,  and  a  value  of  0.9 
allligal  per  arc  minute  night  be  appropriate  as  an  average  error  coefficient. 

Stabilisation  instrument  retirements  depend  in  port  upon  tbe  course  floen.  Table  1 
boon  the  peak  error  neasltivitiea  obtained  in  a  simulation  of  a  three  asie  local  vertical 
pi «t  form  flown  over  the  courses  shown  in  Figure  1.  Tbe  table  shorn  angular  errors  In 
tilt  of  the  vertical  about  *  th  sad  Cast,  and  angular  velocity  errors  about  the  azimuth 
azla.  Tbe  latter  are  ebpam  because  the  output  of  a  gyro  accelerometer  is  m  angular 
velocity,  about  the  input  axis,  proportional  to  the  specific  force  input.  Hence  the 
azimuth  angular  velocity  errors  are  critical  when  such  am  instrument  is  used  ms  s  gravity 
meter.  Figure  2  illustrates  the  behavior  of  the  angular  errors  due  to  a  constant  gyro 
drift  me.  for  at  easterly  flight  along  the  73°  parallel  of  latitude.  Tbe  high  latitude 
emphaaises  aglsath  drift,  the  nt -minute  period  oscillation  la  also  clearly  evident  for 
mil  three  angular  errors  shown. 

Figur  e  9  and  4  show  azimuth  error  due  to  a  constant  drift  me  in  the  azimuth  gyro, 
for  giant  -circle  coarsen  passing  eithii.  15°  of  the  pole.  Tbe  effect  of  high  latitude  is 
clsmrly  evident,  tbe  simulation  also  showed  that  the  time  of  passage  nearest  the  poles 
la  also  important,  these  error  coefficients  ore  Important  to  the  case  when  the  pendulate 
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gyro  accelerometer  is  used  as  a  gravimeter;  w.th  a  typical  accelerometer  scale  factor  of 
about  one  radian  per  second  per  gravity,  an  azimuth  gyro  drift  rate  of  one  minute  of  arc 
per  hour  can  produce  a  gravimeter  output  error  of  0.8  milligal  for  parts  of  the  course 
shown  in  Figure  3. 

The  error  sensitivities  for  platform  levelling  which  are  shown  in  Table  I  are  not 
especially  demanding  as  far  as  tne  current  state  of  the  art  is  concerned,  if  one  adorts  a 
one  minute  of  arc  specification,  which  corresponds  to  one  milligal  gravimeter  error. 
However,  it  should  be  noted  that  reasonable  velocity  signals  are  necessary  to  keep  the 
levelling  this  accurate,  since  four  knots  of  velocity  produces  almost  one  arc  minute  of 
tilt. 

The  preceding  analysis  covered  the  case  of  the  platform  normally  aligned  to  local  North, 
East,  and  vertical.  Time  did  not  permit  carrying  out  a  similar,  complete  analysis  for  the 
case  of  a  platform  aligned  to  the  diffei'nce  between  .the  gravity  vector  and  the  aircraft 
Coriolis  acceleration  vector,  i.e.  to  the  apparent  vertical  for  flight  with  no  horizontal 
accelerations  with  respect  to  the  rotating  ear.h.  However,  since  the  two  coordinate 
systems  are  fairly  close  to  coincidence,  within  20  arc  minutes  uf  each  other,  and  since  the 
platform  dynamics  do  not  differ  markedly,  the  error  coefficients  should  be  approximately 
the  same. 


2.2  Navigation  Requirements 

The  navigational  requirements  may  conveniently  be  separated  into  those  relating  to  the 
horizontal  coordinates,  or  latitude  and  longitude,  and  those  relating  to  altitude,  since 
the  way  in  which  the  two  different  coordinates  affect  airborne  gravimetry  is  drastically 
different.  Since  the  flight  test  program  was  based  on  use  of  an  existing  navigation  sys¬ 
tem,  the  analysis  of  navigation  errors  was  more  limited  in  scope  than  that  for  stabiliza¬ 
tion  errors. 


2.  '2.1  Navigation-Hori?  mtal  Coordinates 

Mapping  the  gravity  anomalies  requires  knowledge  of  the  location  of  each  observation, 
i.e.  navigation  information.  The  gravity  anomaly  is  the  difference  between  the  actual  and 
the  nominal  gravity  value  at  each  point,  and  the  nominal  value  is  a  function  of  both  lati¬ 
tude  and  altitude.  The  standard  sea  level  gravity  value  as  a  function  of  latitude  is 
given  by  Heiskanen  as 

>0  =  978.049(1  +  0.0052884  sin2£  -  0.0000059  sin2  2 P)  .  (5) 

The  change  w.th  latitude  is  not  significantly  different  at  aircraft  altitudes  and  for 
purposes  of  error  analysis  the  sea  level  formula  is  adequate.  The  rate  of  change  of 
standard  gravity  with  latitude  is 


d>0 

—  =  978.049(0.0052884  sin  2 P  -  0.0000118  sin  4 P)  , 

d  P 


(6) 


which  takes  on  its  maximum  value  near  45°  latitude,  where  the  change  is  approximately  1.5 
milligal  per  arc  minute.  This  ratio  provides  one  error  criterion  for  latitude  indication. 
The  error  criterion  for  longitude  indication  depends  on  the  resolution  desired  for  the 
map,  The  resolution  attainable  for  airborne  gravimetry  is  limited  for  other  reasons  which 
are  discussed  i  .  more  detail  below;  these  limitations  are  such  that  the  horizontal  posi¬ 
tion  errors  will  not  be  discussed  further  at  this  point. 


Horizontal  velocity  is  required  as  well  as  position,  since  the  gravimeter  is  sensitive 
to  the  vertical  Coriolis  and  centripetal  accelerations.  A  sufficiently  accurate  expression 
for  the  component  of  acceleration  of  a  body  along  the  normal  to  the  earth  ellipsoid  is16 
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-  h  .  (7) 

One  part  of  this  expression  is  the  centripetal  acceleration  of  a  body  fixed  with  respect 
to  the  rotating  earth;  this  is  the  term 


h  . 

•  ,  ,  h  , 

1  +  -  +  f(3  sin 2P  -  2) 

+  a(<\  t-  oj)  cos  p  1  +  ~  +  f  sin  d 

a 

2 


cos2£ 


-  +  f  sin*3> 

a 


(8) 


which  is  included  in  normal  gravity  and  has  just  been  discussed.  The  remaining  terms 
involve  vehicle  motion  with  respect  to  the  earth,  and  must  be  removed  from  the  gravimeter 
reading  to  leave  the  gravity  observation.  Since  this  portion  of  the  discussion  is  devoted 

to  horizontal  motion,  the  term  h  will  be  ignored  and  it  will  be  assumed  the  altitude  is 
constant.  The  remaining  terms  are  known  to  the  geophysicists  as  the  “Eotvos  correction”. 

For  the  purposes  of  an  error  analysis,  the  small  terms  with  coefficients  of  h/a  and 
f  which  appear  within  the  brackets  in  Equation  (7)  may  be  ignored.  The  resulting  simpli¬ 
fied  expression  takes  the  form 

E  =  a£2  +  a(A.?  +  2^)  cos2?>  .  (9) 

The  corresponding  error  expression  is 

-E  =  2vp&P  +  2a</.  +  o.')  cos2££A.  -  a\(\  +  2 w)  sin  2 $  .  (10) 

The  effect  of  latitude  error  may  be  evaluated  by  comparison  with  the  size  of  the 

centripetal  term  appearing  in  normal  gravity;  it  obviously  varies  with  longitude  rate. 

At  45°  latitude  and  400  knot  speed,  the  error  is  approximately  2.6  railligals  per  arc 
minute  of  latitude  for  eastbound  flight,  and  1.3  milligals  per  arc  minute  for  westbound 
flight. 

The  term  due  to  error  in  latitude  rate  contributes  an  error  proportional  to  the  latitude 
rate;  at  400  knots  a  one  knot  error  in  velocity  contributes  about  3.2  milligals.  The 
term  due  to  error  in  longitude  rate  depends  both  on  latitude  and  on  longitude  rate;  the 
error  coefficient  increases  for  eastbound  flight  and  decreases  for  westbound  flight.  At 
45°  latitude  and  400  knot  speed,  the  approximate  error  coefficients  are  8.5  milligals  per 
knot  of  error  eastbound  and  1.8  milligals  per  knot  westbound. 

Since  the  experimental  program  was  based  on  the  use  of  an  existing  navigation  system 
coupled  with  the  use  of  aerial  photography,  there  was  no  need  for  a  detailed  error  analysis 
for  design  purposes.  The  error  coefficients  just  developed  provide  an  adequate  description 
for  estimation  purposes  in  data  reduction. 


2.2.2  Navigation-Vertical  Coordinates 

A  first  requirement  for  altitude  indication  arises  from  the  fact  that  the  gravity  field 
is  a  function  of  altitude.  Near  the  surface  of  the  earth,  the  field  attenuates  by  one 
milligal  in  approximately  three  meters.  This  provides  the  error  sensitivity  for  the 
static  effect. 

In  addition,  there  is  a  dynamic  effect  due  to  the  response  of  the  gravity  meter  to 
specific  force,  which  includes  vertical  accelerations  as  well  as  gravitational  accelera¬ 
tions.  If  the  altitude  is  known  with  adequate  precision  vertical  acceleration  can  be 
obtained  from  it  by  differentiating  twice,  and  the  instrument  readings  corrected  for  the 
acceleration  t<rm  (h  in  Eq.  (7)).  However,  since  differentiation  of  observed  data  intro¬ 
duces  noise  into  the  computed  acceleration,  care  must  be  exercised  in  the  use  of  the 
altitude  data,  or  the  data  must  be  eAtremely  precise. 
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In  gravimetric  flights  vertical  motion  constitutes  a  disturbance  whose  spectrum  must 
be  examined  if  it  is  to  be  measured  and  its  effects  eliminated.  The  sources  of  the 
vertical  accelerations  include,  among  other  things,  atmospheric  turbulence,  aircraft 
dynamics  such  as  phugoid  motion,  and  variations  in  aircraft  weight,  engine  performance, 
trim,  and  control  surfece  motion.  The  order  of  the  problem  can  be  illustrated  by  an 
example  of  phugoid  motion,  which  for  a  KC-135  aircraft  has  a  period  of  about  90  seconds. 

A  phugoid  of  one  centimeter  in  amplitude  creates  an  acceleration  of  five  milligals  in 
amplitude  for  this  case.  Higher  frequency  motions  with  the  same  amplitude  in  displacement 
create  even  larger  accelerations. 

In  typical  quiet  air  conditions,  the  one  sigma  value  of  observed  accelerations  is 
generally  of  the  order  of  two  or  three  thousand  milligals.  In  turbulent  air,  this  figure 
rises  to  values  of  ten  or  twenty  thousand  milligals  or  even  more.  Using  the  altitude 
hold  system  of  the  KC-135  aircraft,  the  vertical  accelerations  have  a  spectrum  which,  in 
conditions  of  turbulence,  peaks  in  the  range  from  0.03  to  0.06  c/s.  In  quiet  air  the 
spectrum  is  much  broader,  with  a  relatively  flat  shape  from  about  0.01  to  0.  12  c/s. 

It  is  instructive  to  examine  what  altitude  variations  correspond  to  the  observed 
accelerations.  Choosing  0.05  c/s  as  the  center  of  the  spectrum,  and  5000  milligals  as  a 
peak  amplitude  for  a  sinusoid,  yields  a  peak  amplitude  of  motion  of  50  centimeters.  Thus 
to  be  able  to  remove  such  an  oscillation  with  an  accuracy  of  ten  per  cent  requires 
measuring  altitude  changes  to  an  accuracy  of  five  centimeters.  Since  no  existing  altimeter 
provides  altitude  with  accuracy  anywhere  near  this  level,  the  readings  must  be  averaged 
over  a  long  enough  time  to  yield  suitable  results.  This  limits  the  spatial  resolution  of 
airborne  gravimetry  since  during  an  averaging  period  the  aircraft  moves  a  considerable 
distance. 

The  preceding  example  emphasizes  the  importance  both  of  altimetry  and  of  the  filtering 
methods  used  to  eliminate  the  vertical  accelerations  from  the  observed  data.  If,  for 
example,  the  observed  altitude  variation  of  50  centimeters  is  indeed  measured  to  ten  per¬ 
cent  accuracy,  and  a  corresponding  velocity  is  also  desired  to  ten  percent  accuracy,  the 
velocity  error  of  1.6  centimeters  per  second  combined  with  a  five  minute  averaging  period 
yields  an  error  of  just  over  five  milligals.  One  study  of  the  filtering  problem  has  been 
made  by  Moritz17.  A  study  of  the  manner  in  which  both  altimeter  and  gravimeter  readings 
can  be  used  to  obtain  optimum  results  in  the  determination  of  vertical  motion,  as  well  as 

of  the  gravity  reading,  would  also  be  useful. 

The  vertical  navigation  system  used  in  the  KC-135  aircraft  consisted  of  an  APR-5  profile 
recorder  or  radar  altimeter,  plus  a  hypsometer  and  a  barometric  altitude  hold  for  the 
aircr'.ft.  The  radar  altimeter  was  used  over  surfaces  of  known  altitude  to  provide  a 
reference  point  for  the  hypsometer,  which  was  then  used  as  an  altitude  indication  system 

for  normal  flight.  The  changes  in  altitude  due  to  variations  in  isobaric  surface  height 

are  compensated  by  means  of  Henry's  correction16. 


3.  THE  GRAVIMETRIC  SVSTEM 
3. 1  The  Gravimeter 

Inertial  navigation  has  been  used  in  continuous  or  "cruise”  navigation  of  aircraft  and 
ships  and  in  launch  guidance  of  rocket  vehicles.  The  long  periods  of  operation  in  cruise 
navigation  make  high  demands  on  gyro  accuracy,  while  requirements  for  accelerometer 
accuracy  are  relatively  modest.  In  rocket  vehicles  the  wide  range  of  acceleration  to  be 
measured  makes  severe  demands  on  accelerometer  performance  while,  at  the  same  time,  long 
term  stability  is  required  if  frequent  calibrations  are  to  be  avoided.  Consequently,  the 
accelerometers  used  in  rocket  vehicles  are  logical  candidates  for  gravimetric  use. 

The  different  types  of  accelerometers  available  Include  the  pendulous  gyro  type  used  in 
both  the  SATURN  and  the  TITAN  III  space  boosters.  The  instrument  used  in  the  latter, 
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known  as  the  25  PIGA  (pendulous  integrating  gyro  accelerometer)  was  the  model  selected 
for  the  gravimetry  project. 

The  instrument  has  the  general  form  cf  an  octagonal  aluminum  cylinder  approximately 
11  centimeters  in  diameter  and  15  centimeters  long,  with  a  weight  of  about  4  kilograms. 

The  pendulous  gyro  within  the  instrument  is  a  floated  integrating  gyro  of  beryllium 
construction,  with  a  pendulosity  of  22.5  gram-centimeters,  and  in  normal  use,  an  angular 
momentum  of  30,000  dyne -centimeter-seconds.  The  floatation  is  aided  by  magnetic  suspension 
produced  by  the  microsyns  at  each  end  of  the  gyro.  The  pendulosity  and  angular  momentum 
values  give  the  device  a  scale  factor  of  about  0.75  radian  pef  second  per  gravity,  in  its 
normal  manner  of  use.  The  servo  system  used  to  drive  the  accelerometer  makes  use  of  a 
direct  drive  d.c.  torquer,  and  has  a  natural  frequency  of  about  150  radians  per  second. 

The  carrier  frequency  for  the  microsyn  signals  is  1000  hertz.  The  angular  motion  of  the 
gyro  turntable  within  the  PIGA  is  measured  by  an  optisyn19,  an  incremental  discrete  read¬ 
out  device  with  an  output  of  2048  pulses  per  revolution. 

In  order  to  minimize  the  effort,  cost,  and  time  required  to  achieve  an  operating 
gravimeter  from  an  existing  accelerometer,  whenever  possible,  use  was  made  of  existing 
electronic  circuitry  associated  with  the  mechanical  instrument.  In  the  case  of  a  gyro 
accelerometer,  this  circuitry  involves  the  electronics  necessary  to  operate  the  gyro,  the 
servo  amplifier  used  to  drive  the  accelerometer  torque  motor,  and  the  means  of  detecting 
the  accelerometer  output.  The  output  had  to  be  recorded  in  a  form  suitable  for  gravimetry. 

The  housing  which  was  designed  to  provide  thermal  control  for  the  instrument,  whose 
operating  temperature  is  about  63°C,  also  incorporated  a  mumetal  layer  for  magnetic 
shielding.  Two  versions  of  the  housing  were  designed;  the  second  one  differed  by  being 
symmetrical,  so  that  the  PIGA  input  axis  could  be  pointed  either  up  or  down.  This  made 
it  possible  to  use  the  instrument  in  whichever  of  the  two  directions  incorporated  the 
minimum  thermal  sensitivity. 

One  major  change  was  made  in  the  use  of  the  instrument.  The  accelerometer  was  origin¬ 
ally  designed  for  the  broad  range  of  accelerations  encountered  by  a  rocket  vehicle;  in 
the  gravimetric  application  a  total  range  of  two  gravities  is  more  than  adequate.  Conse¬ 
quently  the  scale  factor  of  the  instrument  was  increased  by  reducing  the  angular  momentum 
stored  in  the  gyro  wheel.  This  was  accomplished  by  design  of  a  50  hertz  square  wave  supply 
to  drive  the  gyro  rotor.  This  reduced  the  angular  momentum-  to  3750  dyne-centimeter-sec- 
onds,  and  increased  the  scale  factor  to  6  radians  per  second  per  gravity.  Thus  one  PIGA 
revolution  took  place  in  about  1.05  seconds  at  one  gravity. 

The  increased  angular  motion  of  the  rotating  PIGA  element  correspondingly  reduces  the 
sensitivity  both  to  angular  motion  of  the  PIGA  base  and  to  uncertainties  in  measurement 
of  the  relative  motion  of  the  base  and  the  rotating  member.  The  net  effect  includes 
reduction  of  the  time  necessary  to  resolve  a  measurement  to  a  given  level  of  accuracy. 

The  1000  hertz  microsyn  supply  and  the  complete  PIGA  servo  loop  were  left  unchanged 
in  form,  although  the  gain  of  the  servo  loop  was  adjusted  somewhat  to  correspond  to  the 
new  gyro  values,  by  resetting  the  potentiometer.  The  readout  circuitry  involved  in  the 
optisyn  was  also  left  unchanged. 

The  instrument  output  was  recorded  in  the  form  of  elapsed  time  per  revolution  of  the 
PIGA.  A  Beckman  preset  counter,  operating  in  a  mode  in  which  it  is  possible  to  count 
continuously  without  data  loss,  was  used  to  count  one  megahertz  pulses.  Flight  data  were 
generally  recorded  as  the  elapsed  time  for  one  or  two  PIGA  revolutions,  corresponding  to 
sampling  intervals  of  approximately  1.05  or  2.  1  seconds.  The  preset  counter  was  connected 
through  an  Intercoupler  to  a  punched  tape  unit  recording  both  the  elapsed  time  for  the 
PIGA  revolution  and  the  time  from  the  Astrodata  master  clock  in  the  aircraft,  both  in 
binary  coded  decimal  form.  A  printed  paper  tape  also  recorded  the  elapsed  time;  the  visual 
readout  is  convenient  both  during  calibration  and  for  checks  during  flight.  Figure  5  is 
a  photograph  of  the  airborne  electronics  console  containing  the  accelerometer  electronics 
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and  readout  equipment  and  the  electronics  used  to  operate  the  stabilization  platform  on 
which  the  PIGA  was  mounted. 

At  a  later  date  a  higher  degree  of  system  integration  and  simplification  was  obtained 
by  using  the  frequency  reference  of  the  Beckman  counter  as  the  frequency  source  of  the 
PIGA  electronics  as  well;  this  increased  the  frequency  stability  of  the  latter  and 
reduced  the  complexity  of  the  overall  system. 

The  accelerometer  in  the  mechanical  housing  which  included  magnetic  shielding,  thermal 
regulation,  and  gyro  and  optisyn  preamplifiers  weighed  approximately  seven  kilograms. 

The  second  version  of  the  housing  was  a  cylinder  approximately  15  centimeters  in  diameter 
and  19  centimeters  long. 

3.2  Stabilization  System 

With  the  selection  of  a  gyro  accelerometer  for  use  as  a  gravimeter,  the  stabilization 
requirement  included  either  azimuth  stabilization  for  the  instrument  or  heading  indication, 
as  well  as  the  vertical  stabilization  required  for  any  instrument.  If  the  instrument  were 
to  be  used  with  its  original  scale  factor,  an  azimuth  error  rate  of  approximately  0.155 
degrees  per  hour  corresponded  to  one  milligal  error  in  gravimeter  indication.  If  the 
accelerometer  scale  factor  were  to  be  increased,  the  error  sensitivity  would  be  corres¬ 
pondingly  reduced.  The  requirement  for  vertical  stabilization  was  described  earlier. 

Since  the  goal  was  gravimetry  rather  than  the  design  of  stable  vertical  elements,  it 
was  hoped  to  find  an  existing  platform  that  would  meet  the  requirements.  The  azimuth 
stabilization  requirements  would  place  performance  in  the  range  of  inertial  navigation 
systems  rather  than  of  aircraft  heading  references,  unless  the  accelerometer  scale  factor 
were  drastically  increased.  A  review  of  existing  systems  showed  no  available  inertial 
navigation  system  or  heading  reference  which  had  enough  room  on  the  stable  member  for  the 
gravimeter.  This  is  to  be  expected,  since  such  systems  are  normally  built  as  compactly 
as  possible. 

Previous  tests  using  stabilized  gravimeters  had  employed  camera  stabilization  mounts, 
in  particular  Aeroflex  Laboratories  model  ART-25,  a  two-axis  stable  element,  and  a  later 
version,  the  ART-57.  These  platforms  were  equipped  with  a  vertical  gyro  and  two  pendulums 
for  levelling  and  employed  direct-drive  torque  motors.  The  platforms  tracked  the  apparent 
vertical  rather  than  the  true  vertical,  since  there  was  no  Coriolis  compensation.  In 
addition,  the  platform  showed  a  limit  cycle  oscillation  of  about  five  arc  minutes  amplitude, 
probably  due  to  non-linearities  in  the  pendulums,  and  affected  by  the  high  erection  rates 
required  to  overcome  gyro  drift.  This  performance  was  unacceptable;  however,  the  ART-57 
platform  itself  was  phsyically  large  enough  to  hold  the  gravimeter  and  was  available.  In 
addition,  the  direct  drive  torquers  could  permit  satisfactory  stabilization  to  the  vertical 
if  adequate  gyros,  accelerometers,  and  servo  electronics  were  used.  The  gyro  accelerometer 
could  thus  be  stabilized  to  the  vertical  and,  if  heading  were  indicated  to  sufficient 
accuracy,  the  stabilization  requirements  could  be  met. 

A  review  of  three-axis  stable  platforms  was  made  in  the  hope  that  the  azimuth  axis  and 
stable  member  of  such  a  platform  could  provide  the  necessary  attitude  reference  for  the 
ART-57  gimbals.  One  suitable  platform  was  the  AN/AJN-10,  an  inertial  reference  platform 
built  by  AC  Electronics  Division,  General  Motors  Corporation,  for  use  in  a  Doppler- 
inertial  aircraft  navigation  system.  This  platform,  together  with  the  associated  AN/ASN- 
32  navigation  computer  and  control  indicator  was  available,  and  the  aircraft  was  already 
equipped  with  a  Doppler  radar.  Furthermore,  the  complete  three-axis  platform  could  fit 
on  the  stable  member  of  the  ART-57  platform,  and  the  AN/AJN-10  platform  also  used  direct- 
drive  d.c.  torquers.  This  suggested  that  integration  of  the  two  platforms  might  be  fairly 
simple. 
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The  AN/AJN-lO  platform  uses  three  single-degree-of-freedom  floated  integrating  gyros 
and  two  floated  restrained  pendulums.  The  North  and  azimuth  gyros  are  Honeywell  GG49  MIG 
units;  the  East  gyro,  used  for  azimuth  alignment  in  ground  erection  and  for  gyrocompassing 
in  flight,  is  a  2FBG-2C  model  manufactured  by  AC  Electronics.  The  pendulums  are  Honeywell 
GG59  units.  The  electronics  are  completely  solid  state,  and  the  modes  of  operation  are 
designed  for  convenient  use.  The  platform  weighs  about  32  kilograms  without  electronics. 

The  complete  AN/AJN-10  platform  was  placed  on  the  ART-57  stable  member,  and  the  two 
outer  axes,  roll  and  pjJch,  of  the  AN/AJN-10  platform  were  locked.  The  servo  signals 
which  normally  drove  the  torque  motors  on  these  axes  were  used  instead  to  drive  the  torque 
motors  of  the  ART-57  platform.  The  changes  in  the  stabilization  servo  performance  function 
needed  to  obtain  satisfactory  operation  with  the  new  moments  of  inertia  and  new  torquers 
were  achieved  by  the  insertion  of  one  resistor  and  one  capacitor  for  each  axis;  even  the 
power  stage  electronics  of  the  AN/AJN-10  system  was  found  adequate  to  drive  the  ART-57 
torques.  .  th  this  configuration,  the  internal  changes  in  the  AN/AJN-10  were  limited  to 
the  addition  of  the  two  resistor-capacitor  networks,  and  all  other  changes  were  accom¬ 
plished  in  the  external  cabling.  This  permitted  procedures  of  maintenance  and  calibration 
to  remain  largely  unchanged. 

The  clamping  mechanism  used  to  lock  the  pitch  and  roll  axes  of  the  AN/AJN-10  platform 
was  made  adjustable,  so  that  it  could  be  used  to  align  the  stable  element  of  the  platform 
perpendicular  to  the  input  axis  of  the  PIGA.  The  net  result  was  a  PIGA  stabilized  to  the 
true  vertical  rather  than  the  apparent  vertical.  The  synchro  signal  on  the  azimuth  axis 
of  the  AN/AJN-10  platform  was  available  to  indicate  the  heading  changes  of  the  PIGA  base. 

Laboratory  operation  of  the  combined  platform  indicated  that  the  heading  measurement 
errors  would  be  too  large  if  the  scale  factor  of  the  PIGA  were  left  unchanged.  This  was 
due  in  part  to  the  fact  that  the  AN/AJN-10  is  a  gyrocompassing  system  in  normal  airborne 
operation,  and  the  high  gain  of  a  gyrocompassing  loop  leads  to  oscillations  which  take 
some  time  to  damp  out.  Accordingly,  the  PIGA  scale  factor  was  changed  as  indicated 
earlier. 

Finally,  modification  of  the  circuitry  used  to  indicate  the  output  of  the  azimuth 
synchro  of  the  AN/AJN-10  was  necessary  to  meet  the  desired  resolution.  This  modification 
included  an  improved  excitation  to  the  synchro,  and  the  use  of  a  synchro  control  trans¬ 
former,  reset  to  null  with  the  control  transmitter  on  the  gimbal  at  the  start  of  each  run. 
This  arrangement  made  use  of  the  fact  that  the  anticipated  gravimetric  flights  were  all 
East -West  or  North-South  rhumb-line  courses,  with  anticipated  heading  changes  within  plus 
or  minus  ten  degrees.  Over  this  range  the  linearity  of  the  synchro  permitted  an  accuracy 
of  ten  arc  minutes  in  heading  Indication. 

Figure  6  is  a  photograph  of  the  ART-57  gimbals  with  both  the  25  PIGA  and  the  AN/AJN-10 
platform  mounted  on  them. 


4.  TEST  RESULTS 

The  flight  test  program  was  approved  in  April  1966,  and  the  design  and  procurement  of 
the  necessary  equipment  started.  The  integration  and  modification  of  the  stabilization 
system  and  of  the  gravity  meter  was  accomplished  by  the  end  of  September  1966,  and  air¬ 
craft  installation  followed.  By  late  October  the  aircraft  installation  was  undergoing  the 
first  flight  checks,  and  in  late  November  the  aircraft  proceeded  to  Carswell  Air  Fbrce 
Base,  Fort  Worth,  Texas,  for  initial  flight  tests  over  the  designated  gravity  range  area. 
The  flight  patterns  followed  parallels  of  latitude  and  meridians  in  the  general  area 
between  34°  and  40°N  latitude  and  95°  and  105°W  longitude. 

The  AN/AJN-lO  platform  and  AN/A94-32  navigation  computer  had  been  designed  for  use  with 
a  velocity  saturation  level  of  400  knots  ground  speed.  It  had  been  agreed  to  maintain  the 
KC-135  aircraft  speed  below  this  level,  but  the  November  flights  proved  it  impossible  to 
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keep  aircraft  speed  within  the  specified  limits  at  the  designated  altitude  of  about  7600 
meters.  Consequently,  the  aircraft  returned  to  its  base  at  Kanscom  Field,  Bedford, 
Massachusetts,  and  the  AN/AJN-10  system  was  modified  to  raise  the  saturation  level  to 
500  knots.  The  modification  was  essential  because  exceeding  the  saturation  level  caused 
error  in  platform  verticality  to  accumulate  at  the  rate  of  one  degree  in  less  than  five 
minutes. 

The  aircraft  then  returned  to  Carswell,  and  seven  days  of  gravimetric  flights  were 
conducted  between  December  ll  and  December  21,  1966,  after  which  it  returned  once  again 
to  Han scorn. 

In  mid-January  1967  the  aircraft  had  to  be  released  for  use  in  another  project,  but 
the  schedule  permitted  one  more  return  to  Carswell  and  a  few  days  of  flight  were  possible 
before  the  aircraft  was  released.  Since  that  time  no  aircraft  has  been  available,  but  a 
C-130  aircraft  was  expected  to  be  available  in  September  1967  for  another  series  of 
flight  tests. 

Attempts  were  made  to  monitor  the  quality  of  stabilization  system  performance  during 
these  tests,  both  by  comparison  of  the  platform  heading  indication  with  that  of  the 
Astrotracker,  and  by  observing  the  platform  motion  in  levelling  and  in  azimuth  when  it 
was  restored  to  the  ground  erect  mode  after  landing.  Unfortunately,  the  power  transfer 
from  aircraft  to  ground  power  usually  was  sufficiently  erratic  to  cause  the  AN/AJN-10 
platform  to  downmode  and  lose  the  coordinate  system  it  held.  Figure  7  is  the  plot  of  the 
heading  indication  shown  by  the  system  on  the  one  occasion  when  successful  uninterrupted 
transfer  to  ground  power  was  achieved;  it  indicates  a  change  in  azimuth  of  20  arc  minutes. 
Some  of  the  comparisons  of  the  astrocompass  heading  with  the  AN/AJN-10  heading  indicated 
the  possibility  of  azimuth  performance  problems  in  airborne  operation. 

After  the  December  flight  tests  a  switch  was  installed  which  permitted  airborne  opera¬ 
tion  using  the  Doppler  system  to  damp  the  platform  off-level  oscillations,  while  the  gyro¬ 
compass  loop  was  open,  so  that  the  azimuth  reference  was  held  by  the  azimuth  gyro  alone. 
This  switch  permitted  detection  of  cabling  problems  which  introduced  an  azimuth  error  rate 
of  about  1.5  degrees  per  hour,  corresponding  to  about  1.2  milligals,  during  turns  when  the 
system  was  in  pure  inertial  operation.  The  accumulated  error  was  then  offset  by  the  gyro¬ 
compass  loop  which  came  into  operation  when  the  system  returned  to  Doppler  mode  after 
completing  the  turn. 

For  the  C-130  aircraft  installation,  it  will  be  possible  also  to  observe  and  record 
the  AN/AJN-10  accelerometer  signals,  thus  permitting  some  observation  of  in-flight  plat¬ 
form  verticality.  In  addition,  switches  have  been  included  to  permit  removing  Coriolis 
acceleration  compensation,  so  that,  if  desired,  the  platform  car.  operate  in  the  “local 
vertical  minus  Coriolis  acceleration"  coordinate  system  described  earlier. 

Aircraft  heading,  as  indicated  by  the  azimuth  synchro  of  the  AN/AJN-10  platform,  is 
shown  in  Figure  8,  which  represents  typical  flight  conditions.  The  first  half  of  the 
analog  recording  shows  a  period  of  moderate  turbulence,  with  peak-to-peak  oscillations  of 
the  order  of  one  half  degree.  The  second  half  shows  quiet  flight  with  peak-to-peak 
oscillations  of  the  order  of  five  arc  minutes,  The  Dutch  roll  motion  is  evident  through¬ 
out  the  recording,  with  a  period  of  slightly  over  four  seconds;  the  amplitude  varies 
from  about  one  arc  minute  peak-to-peak  in  quiet  periods  to  about  eight  arc  minutes  in 
turbulence. 

Some  of  the  accelerometer  results  are  presented  in  the  next  group  of  figures.  Figure 
9  is  a  record  of  the  PIGA  elapsed  time,  recorded  for  two-  and  ten-  turns  intervals,  during 
ground  calibration  in  the  aircraft.  Ground  calibration  was  conducted  before  each  flight, 
and  the  PIGA  was  then  left  in  continuous  operation  until  the  end  of  the  flight.  Post¬ 
flight  calibrations  were  also  intended,  but  the  power  transfer  problems  discussed  earlier 
usually  interrupted  PIGA  operation.  The  scale  of  the  recordings,  in  acceleration  units, 

Is  the  same,  and  the  ten-turn  records  are  approximately  one  fifth  the  amplitude  of  the 
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two-turn  recordings.  Thus  the  variations  apparently  decrease  in  ersely  with  the  averaging 
interval  in  this  region;  a  similar  observation  holds  true  for  one-turn  recordings.  If 
the  observations  were  considered  as  velocity  readings  obtained  by  integration  over  the 
appropriate  period,  the  one-sigma  value  of  the  velocity  readings  would  be  the  same  for 
two-  and  ten- turn  intervals.  This  indicates  that  most  of  the  velocity  power  occurs  at 
frequencies  higher  than  the  sampling  rate  of  approximately  one  reading  every  2,1  seconds. 

Figure  10  represents  an  approximate  spectrum  of  the  ground  test  data  obtained  from  the 
PIGA  during  an  overnight  run  in  which  elapsed  time  for  ten  turns  was  recorded,  using  an 
approximate  method  of  estimating  spectra  described  by  Blackman  and  Tukey20.  Ihe  spectrum 
shows  a  peak  in  the  vicinity  of  0.0015  c/s,  which  represents  the  oscillation  of  the 
thermal  control  system  of  the  instrument.  In  this  particular  case,  inverting  the  instru¬ 
ment  would  have  led  to  elimination  of  the  peak,  since  the  thermal  sensitivity  in  the 
inverted  direction  was  considerably  lower. 

Some  flight  records  of  PIGA  output  are  presented  in  Figure  11,  both  for  periods  of 
turbulence  and  for  quiet  conditions.  In  quiet  conditions,  the  one-sigma  acceleration 
averaged  over  one  minute  of  time  with  a  two-second  sampling  interval,  was  generally  about 
2000  milligals.  Only  twice  in  all  the  flights  did  a  value  as  low  as  1000  milligals  appear. 
This  illustrates  the  level  of  vertical  acceleration  to  be  expected  in  KC-I35  flight  in  the 
smoothest  conditions  obtainable. 

Ihe  trace  for  intervals  of  turbulence  shows  peak-to-peak  oscillations  up  to  140,000 
milligals  in  amplitude,  again  with  each  reading  representing  a  two-second  average. 
Corresponding  one-sigma  values,  averaged  over  one  minute  of  time,  showed  a  maximum  value 
of  40,000  milligals.  In  more  modest  turbulence,  frequently  encountered,  one-sigma  values 
of  5000  milligals  were  common.  The  smallest  observed  one-sigma  for  a  one-hour  flight  was 
about  3000  milligals;  for  a  rough  flight,  about  10,000  milligals  was  observed. 

Figure  12  shows  an  autocorrection  function  of  the  PIGA  data  obtained  from  a  one-hour 
flight  in  smooth  conditions,  with  the  data  points  consisting  of  elapsed  time  for  two  PIGA 
turns,  and  the  corresponding  spectral  density.  Ihe  spectrum  seems  to  be  relatively  flat 
between  0.01  and  0.10  c/s  and  then  decreases  slowly  up  to  the  limit  imposed  by  the  sampling 
frequency.  Ihe  one-sigma  value  of  the  data  was  36  00  milligals  for  this  flight. 

The  results  of  a  one-hour  flight  in  more  turbulent  conditions,  with  an  overall  one-sigma 
of  9400  milligals,  are  presented  in  Figure  13,  again  in  the  form  of  an  autocorrelation 
function  and  spectral  density.  Here  the  spectrum  peaks  rather  sharply  between  0.04  and 
0.05  c/s,  this  represents  the  performance  function  of  the  aircraft  altitude  hold  system 
which  is  responding  strongly  to  the  turbulent  air  input. 

During  much  of  this  flight,  the  conventional  gravimeters  were  not  in  operation,  because 
the  accelerations  exceeded  the  values  at  which  the  instruments  would  sustain  damage.  This 
demonstrated  one  of  the  major  purposes  of  the  flight  test  series,  which  was  to  show  that 
the  PIGA  could  continue  to  measure  with  satisfactory  accuracy  during  atmospheric  turbu¬ 
lence. 

Ihe  gravimeter  readings  for  test  flights  over  known  areas  are  compared  with  computed 
values  of  gravity  at  altitude,  using  Stokes's  formula  to  compute  the  values  at  altitude 
from  the  observed  gravity  readings.  However,  the  results  presented  in  Figures  12  and  13 
show  the  large  amount  of  noise,  due  to  vertical  acceleration,  present  in  the  gravimeter 
readings.  This  once  again  illustrates  the  importance  of  a  very  high  resolution  barometric 
altimeter  in  obtaining  accurate  gravity  observations  or,  alternatively,  the  limited  resolu¬ 
tion  obtainable  by  filtering  methods. 
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S.  CONCLUSIONS 

The  flight  test  program  has  demonstrated  the  ready  adaptability  of  inertial  navigation 
equipment  to  the  measurement  of  gravity  aboard  aircraft.  It  has  also  demonstrated  some 
of  the  limitations  of  airborne  gravimetry  imposed  by  the  lack  of  a  suitably  high  resolu¬ 
tion  altimeter.  Other  inertial  accelerometers  are  being  tested  in  gravimetric  experiments 
on  surface  ships,  and  they  also  demonstrate  the  suitability  of  such  sensors  to  measure¬ 
ment  in  this  environment. 

In  general,  inertial  instrumentation  offers  the  possibility  of  holding  angular  coordin¬ 
ate  systems  with  high  precision,  and  of  measuring  linear  motions  aboard  moving  craft.  Hie 
measurement  of  very  small  angles  and  of  very  small  accelerations  is  also  possible.  It  is 
quite  possible  that  such  instrumentation  can  be  used  to  measure  the  behavior  of  the  atmos¬ 
phere  and  of  the  oceans,  as  well  as  for  the  measurement  of  the  earth's  gravitational  field, 
and  it  is  to  be  hoped  that  such  applications  will  increase.  It  is  also  quite  possible 
that  the  techniques  used  in  building  inertial  gyros  and  accelerometers  may  also  be  applied 
to  improve  the  design  of  instruments  used  in  meteorology,  oceanography,  seismometry,  and 
geophysics  in  general 
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Fig. 3  Platform  azimuth  error  due  to  azimuth  gyro  drift 


Fig. 4  Platform  azimuth  error  due  to  azimuth  gyro  drift 


Fig. 5  Airborne  electronics  console 


Fig. 6  25  PIGA  gravimete.  on  .stabilized  platform 


Pig.  9 


PRESENT-DAY  NORTH- FINDING  SYSTEMS  AND 
THEIR  FUNDAMENTAL  LIMITATIONS 

by 

B.  T.  Trayner 

British  Aircrtft  Corporation, 

Stevenage,  Herts,  England 


192 


SUMMARY 


In  the  past  few  years  portable  gyroscopic  North- finders  for  use  on  land 
have  evolved  which  have  errors  as  low  as  a  few  seconds  of  arc.  These  have 
mostly  been  made  to  meet  military  needs  for  survey  and  gun- laying  and  civil 
needs  for  underground  survey.  Three  basically  different  types  of  north- 
finder  have  been  used  in  commercial  systems  which  use  respectively  a  pendu¬ 
lous  gyro,  a  single-axis  rate  gyro  and  a  two-axis  rate  gyro.  The  basic 
principles  and  method  of  use  of  each  system  are  described  and  the  sources 
of  error  including  those  which  arise  from  the  environment  in  which  the  sys¬ 
tem  is  used  are  outlined. 

It  is  indicated  that  present  day  systems  are  limited  in  accuracy  by  the 
environment  in  which  they  are  used  and  by  the  time  available  as  well  as  by 
the  usual  gyro  errors.  They  are  limited  in  their  application  by  their  cost 
and  this  is  the  field  where  most  development  is  likely  in  the  immediate 
future. 
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NOTATION 

D  gyro  drift  (of  single-axis  gyro  with  output  axis  vertical) 

g  acceleration  due  to  gravity 

H  angular  momentum  of  gyro  rotor 

M  mass  of  global  and  wheel 

l  distance  between  centre  of  gravity  and  suspension  point  of  gimbal 

(of  gyro-pendulum) 

R  component  of  earth*  s  rotational  rate  in  the  horizontal  plane  at  an  angle 

6  from  North 

Rj  rate  indicated  by  a  single-axis  gyro  when  measuring  R 

R'  component  of  earth’s  rotational  rate  in  the  horizontal  plane  at  an  angle 

&  +  4>  from  North 

Rj  rate  Indicated  by  a  single-axis  gyro  when  measuring  R' 

a  angle  between  sphere  and  case  axes  of  rotation  (two-axis  rate  gyro) 

a0  equilibrium  value  of  a 

y  period  of  oscillation  about  the  meridian  plane  (of  gyro-pendulum) 

\  latitude 

angles,  see  definition  of  R  and  R* 

^  angle  between  plane  defined  by  sphere  and  case  axes  of  rotation  and  the 

meridian  plane  (two -axis  rate  ayro; 

H  earth's  rotational  rate,  equal  to  15.0(1  degrees  per  hour 
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PRESENT-DAY  NORTH- FINDING  SYSTEMS  AND 
THEIR  FUNDAMENTAL  LIMITATIONS 

5.  T.  Trayner 


1.  INTRODUCTION 

Over  the  past  ‘•'’cade,  advantage  has  been  taken  of  the  techniques  exploited  for  inertial 
navigation  to  pr  ice  portable,  light-eeight  gyrocompasses  intended  for  surveying, 
especially  underground  and  for  military  purposes.  These  devices  have  all  been  designed 
for  operation  on  a  stable,  stationary  base,  i.e.  the  ground,  so  the  errors  to  which  they 
are  subject  are  rather  different  to  those  of  the  conventional  ships  gyrocompass,  as  alao 
are  the  allowable  error  magnitudes.  The  accuracy  demanded  ranges  from  a  few  minutes  to 
a  few  seconds  of  arc.  All  gyrocompasses  rely  on  detecting  the  direction  of  the  horizontal 
component  of  the  earth’s  rotational  rate.  1b  place  the  performance  required  from  the 
gyrocompass  in  perspective  with  other  inertial  navigation  gyros.  Figure  I  illustrates  toe 
rates  which  the  gyrocompass  must  be  capable  of  detecting  to  achieve  any  given  North-finding 
accuracy.  This  is  of  course  dependent  on  the  latitude. 

Three  basic  types  of  North-finder  have  been  used  in  commercial  devices.  These  any  be 
termed  the  gyro-pendulum,  the  single-axis  rate  gyro  and  the  two-axis  rate  gyro.  Their 
principles,  basic  construction  and  method  of  use  will  be  briefly  described  and  the  aain 
sources  of  error  and  the  relative  advantages  of  the  different  systems  will  be  discussed. 


2.  PRINCIPLES  OF  OPERATIONS 

1. 1  The  Gyro  Pendulous  North-Finder 

If  a  rotating  wheel  (see  figure  2)  is  suspended  by  a  finv  suspension  eire  elth  the  *pin 
axis  approximately  horixootal.  the  equilibrium  position  is  wen  the  spin  axis  lies  in  the 
meridian  plane.  If  the  system  is  only  very  lightly  damped,  then  equilibrium  is  not 
reached  for  a  considerable  time  after  a  disturbance,  but  an  estimate  of  the  equilibrium 
position  cm  still  be  made.  Ouch  a  puoduiuw  ban  several  Modes  of  oscillation,  mostly  of 
short  period,  but  the  dominant,  long  period  tode  is  one  In  rtlch  the  spin  axis  describes 
(ignoring  the  damping)  an  elliptical  cone,  with  th*  major  axis  of  the  ellipse  horizontal. 
The  period  >  of  this  oscillation  is  given  to  •  firm  order  by  (see  Notation) 

5  2  *7  (snfsn) 

The  direction  of  North  is  the  mean  of  the  easterly  sad  easterly  excursions  of  th*  spin 
axis,  allowance  being  made  for  the  decrement  due  to  the  damping. 

2.2  Urn  Single- Alia  Sat*  ®y«t»  North-Finder 

This  eye *ea  relie*  on  making  measurements  of  tbe  horizontal  component  of  the  earth’s 
rotation.  The  valae  of  this  rats  X  is  given  by 

X  - 


ft  cos  b  cos  \ 
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To  solve  this  equation  for  v  without  ambiguity  a  further  measurement  is  required, 
i.e,  R*  =  i-  cos  (f  +  P)  cos  \  , 

where  i>  is  a  known  angle. 

In  practice,  to  avoid  precise  measurement  a  value  of  P  is  found  where  R  =  r'  ,  when 
it  may  be  deduced  that  e  -  180°  -  (P/2 )  .  This  is  illustrated  in  Figure  3(a),  where  R 
is  plotted  against  the  azimuth. 

2.3  Two-Axis  Rate  Gyro  North-Finders 

If  a  two-axis  rate  gyro  is  mounted  with  its  spin  axis  vertical,  then,  provided  its 
sensitivity  is  the  same  to  all  inputs  in  the  horizontal  plane,  the  direction  in  which  the 
spin  axis  is  deflected  will  bear  a  direct  relationship  to  the  meridian.  In  the  equilibrium 
position  the  gyroscopic  torque  due  to  the  earth’s  rotation  will  be  balanced  by  a  torque  due 
to  the  deflection  of  the  spin  axis. 


3.  GENERAL  CONSTRICTION  AND  METHOD  OF  ISE 

The  North-finder  must  have  some  method  of  transferring  its  information  to  other  equip¬ 
ment.  The  theodolite  is  the  conventional  instrument  which  has  been  generally  used  and 
incorporated  with  the  North-finder.  A  theodolite  needs  to  be  a  certain  minimum  height 
above  the  ground  to  give  it  a  reasonable  field  of  view  and  is  used  on  a  tripod.  This 
practice  has  been  followed  with  all  the  portable  North-finding  systems  which,  to  the 
author’s  knowledge,  are  commercially  available,  and  the  gyroscopic  unit  is  mounted  either 
above  or  below  the  theodolite. 

Some  of  the  typical  features  of  available  North-finding  systems  are  now  given.  It  must 
be  emphasized  that  these  are  not  the  only  possible  systems. 

3. 1  The  Gyro -Pendulous  North-Finder 

A  gyroscopic  unit  of  the  type  already  described  (Fig. 2)  is  attached  to  the  azimuth  axis 
of  the  theodolite.  The  wheel  is  run  at  constant  speed  by  a  synchronous  motor.  The  sus¬ 
pension  wire  can  be  used  as  one  lead  for  the  motor  but  two  other  fine  leads  must  be  pro¬ 
vided,  which  should  have  as  little  influence  on  the  pendulum  as  possible.  A  pick-off, 
usually  optical,  is  used  to  detect  rotation  of  the  gimbal  in  azimuth  relative  to  the  case 
of  the  unit.  A  method  of  clamping  the  gimbal  is  necessary  to  enable  the  equipment  to  be 
transported. 

In  use  the  suspension  wire  may  be  adjusted  so  that  the  equilibrium  position  of  the 
gimbal  coincides  with  the  pick-off  null  when  the  wheel  is  not  rotating.  With  the  wheel 
at  synchronous  speed  and  the  spin  axis  approximately  North,  the  gimbal  is  undamped,  care 
being  taken  not  to  excite  the  unwanted  modes  of  oscillation.  As  the  gimbal  swings  the 
theodolite  is  rotated  in  azimuth  to  maintain  the  pick-off  at  its  null.  The  turning  points 
of  the  swing  can  be  read  from  the  theodolite  azimuth  circle.  Three  such  turning  points  are 
required  as  a  minimum  to  estimate  the  equilibrium  direction  of  the  spin  axis.  Turning  the 
theodolite  in  step  with  the  gimbal  avoids  twist  in  the  suspension  and  enables  the  torque 
for  this  suspension  to  be  kept  zero.  This  may  be  done  manually  by  the  operator  or,  at  the 
cost  of  greater  complexity,  automatically. 

No  attempt  is  normally  made  to  mechanically  align  the  spin  axis,  the  pick-off  and  the 
theodolite  telescope  or  circle,  but  the  instrument  is  tested  against  a  known  direction  and 
a  correction  factor  is  found.  Ancillary  equipment  required  in  the  field  is  an  alternating 
current  source  of  constant  frequency  to  drive  the  spin  mot>r. 
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3.2  The  Single-Avis  Rate  Gyro  North-Finder 

Hie  gyro  which  has  been  used  with  this  type  of  North-finder  is  the  single-degree-of- 
freedom  rate  integrated  gyro  similar  to  that  commonly  used  in  inertial  navigation  systems. 
The  gyro  is  converted  to  a  rate  gyro  by  an  external  electronic  circuit,  which  takes  the 
out  put  from  the  gimbal  pick -off  and  feeds  a  current  to  the  gyro  torque  motor  proportional 
to  the  gimbal  deflection.  This  gyro,  with  its  output  axis  vertical,  is  attached  to  the 
azimuth  axis  of  the  theodolite.  The  gyro  input  axis  is  in  the  horizontal  plane  and  the 
current  in  the  torque  motor  is  proportional  (forgetting  gyro  errors)  to  the  component  of 
the  earth's  rotation  in  a  particular  horizontal  direction. 

In  the  field  the  method  of  use  is  as  indicated  in  Section  2.2.  Two  directions  are 
found  in  which  the  rates  indicated  by  the  gyro  are  the  same,  the  directions  where  the  rate 
is  zero  being  chosen  since  these  can  be  most  accurately  found.  The  fact  that  the  rate 
indicated  by  the  gyro  differs  from  the  actual  rate  by  some  quantity  due  to  gyro  drift  is 
of  r.o  consequence  provided  this  drift  remains  constant.  If  t.he  gyro  drift  is  D  and  the 
rate  indicated  by  the  gyro  is  shown  by  the  suffix  I  .  then 

Rj  =  R  +  D 

Rj  =  P'  0 

and  if  Rj  =  Rj  then  R  =  R'  . 

This  is  illustrated  in  Figure  3(b),  where  Rj  is  plotted  against  the  azimuth  of  the 
gyro  input  axis. 

It  is  not  necessary  to  point  the  gyro  input  axis  exactly  to  find  the  direction  of  zero 
indicated  rate.  Provided  the  input  axis  is  close  to  the  direction,  a  correction  can  be 
made  with  sufficient  acuracy  from  the  actual  rate  measured. 

As  with  the  gyro-pendulcus  North -finder,  mechanical  alignment  of  the  gyro  unit  with  the 
theodolite  is  difficult  and  the  us"al  procedure  is  to  calibrate. 

Ancillary  equipment  required  in  the  field  consists  of  an  alternating  current  source  of 
constant  frequency  to  drive  tne  spin  motor,  a  heater  supply  and  temperature  controller  to 
maintain  the  gyroscope  at  constant  temperature,  and  the  electronic  circuitry  gyro  between 
pick-off  and  torque  motor  already  mentioned. 

3.3  The  Two-Axis  Gyro  North-Finder 

The  gyro  which  has  been  used  In  this  type  of  North-finder  is  illustrated  in  Figure  3. 

A  spherical  rotor  is  supported  on  an  aerostatic  bearing  within  a  case  which  is  in  turn 
mounted  on  a  pair  of  bearings  and  rotated  at  high  speed  about  a  vertical  axis.  In  the 
absence  of  any  external  rate  the  sphere  and  case  would  rotate  together  on  a  common  axis, 
but  the  earth's  rotation  makes  the  sphere  axis  move  in  a  westerly  direction  to  an  observer 
looking  down  on  the  gyro.  As  the  two  axes  diverge  a  torque  id  generated  between  sphere 
and  case,  due  to  the  viscous  forces,  which  tends  to  precess  the  sphere  axis  back  into 
coincidence  with  the  case  axis.  In  the  equilibrium  position  the  plane  containing  botn 
the  case  and  sphere  axes  makes  an  angle  0  to  the  meridian  plane  given  by 

'P  ~  90°  -  aQ  tan  K  , 

where  a0  is  the  equilibrium  angle  between  case  and  spin  axes. 

A  small  mirror  is  mounted  on  both  the  case  and  the  sphere,  normal  to  the  axes  of  rota¬ 
tion.  Using  an  autocolllmating  eyepiece  on  the  theodolite  the  attitude  of  both  axes  may 
be  determined. 
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‘•".jiilary  equipment  required  consists  of  a  power  source  for  the  drive  motor  and  a 
compressor  to  supply  air  to  the  bearing. 


4.  ERRORS  IN  NORTH-FINDING 

For  convenience  the  errors  which  arise  can  be  considered  as  originating  in  the  gyro, 
the  rest  of  the  system  or  from  the  environment.  Time  is  an  important  parameter  with  many 
of  the  errors,  and  time  also  affects  the  number  of  North  determinations  which  can  be  made, 
which  influences  the  effects  of  truly  random  errors.  Time  is  all-important  to  the  mili¬ 
tary  user;  the  civil  user  is  prepared  to  take  longer  if  it  gives  a  definite  improvement 
in  accuracy.  The  consequences  of  this  will  be  discussed  at  greater  length. 

4. 1  Gyro  Errors 

With  the  gyro-pendulous  and  single-degree-of-freedom  rate  gyro  any  gyro  error  arising 
from  an  unwanted  torque  acting  on  the  gimbal  can  be  allowed  for,  provided  that  it  is  fixed. 
Such  torques  may  arise  from  the  gimbal  suspension,  the  gimbal  pick-off,  the  method  of 
conveying  power  to  the  gyro  wheel  and  by  the  action  of  electric  and  magnetic  fields  (which 
may  be  generated  by  the  gyro  motor).  With  the  single-axis  rate  gyro  it  is  only  essential 
that  these  torques  remain  constant  during  a  measurement.  Their  absolute  value  does  not 
affect  the  calibration.  However  the  torques  which  act  in  the  gyro-pendulum  which  cannot 
be  checked  whilst  the  wheel  is  not  operating,  i.e.  any  which  arise  from  the  motor  field, 
can  only  be  allowed  for  in  the  calibration,  and  any  change  will  affect  the  calibration. 

By  virtue  of  its  construction  the  only  torques  of  those  just  listed  likely  to  act  on 
the  sphere  of  the  two-axis  systems  which  has  been  described  are  those  from  the  air  bearing 
support,  and  these  average  to  zero  as  the  case  ir.  revolved. 

A  further  source  of  error  in  most  gyros  is  the  relative  position  of  the  centre  of 
gravity  of  th*  gimbal  and  the  centre  or  axis  of  suspension.  This  is  of  no  consequence  to 
the  single-axis  gyro,  since  the  axis  of  freedom  is  vertical.  The  pendulous-gyro  depends 
for  its  action  on  a  displacement  between  the  two,  and  is  not  affected  by  minor  changes  in 
their  relative  position  provided  that  they  do  not  occur  during  a  measurement.  If  such 
changes  occur  suddenly  a  change  in  the  amplitude  oi  the  swing  takes  place,  and  readings 
before  and  after  the  change  cannot  be  related.  If  the  centre  of  gravity  should  move 
steadily  (a  "ramp"  in  inertial  gyro  terminology)  then  there  will  be  a  shift  in  the  indi¬ 
cated  North,  but  such  ramps  would  have  to  be  very  large  to  nave  a  significant  effect.  Any 
displacement  of  the  centre  of  gravity  of  the  sphere  in  the  two-wxis  gyro  ncrmai  to  the 
spin  axis  is  of  no  concern,  since,  as  with  the  suspension  torques,  the  resultant  tcrque  is 
averaged  to  zero.  However,  any  displacement  of  the  centre  of  gravity  from  the  centre  of 
suspension  along  the  spin  axis  has  an  immediate  effect  when  the  spin  axis  moves  from  the 
vertical.  This  gives  a  deviation  of  the  indicated  North  which  must  be  allowed  for  by 
calibration. 

There  are  other  sources  of  gyro  error  which  generally  are  of  no  concern  to  an  inertial 
system  but  which  adversely  affect  the  North-finding  system.  These  are  errors  which  give 
an  appreciable  error  over  the  time  a  North- finder  must  be  used,  but  never  integrate  to  a 
large  enough  value  to  affect  a  typical  inertial  system.  One  of  these  is  the  effect  of 
movements  of  the  spin  axis  within  the  gimbal  or,  in  the  case  of  the  two-axis  gyro,  move¬ 
ment  of  the  case  rotation  axis.  These  movements  can  and  do  appear,  especially  when  the 
axis  is  defined  by  a  pair  of  ball  bearings,  where  they  have  a  tendency  to  be  periodic  due 
to  relative  motions  of  balls  and  cages  within  the  bearings.  As  an  illustration  of  their 
possible  effect,  a  0.1  second  of  arc  shift  in  the  spin  axis  over  100  seconds  of  time  mav 
be  considered  as  a  drift  of  0.001° /hour. 
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4.  2  Other  System  Errors 

Ihe  gyro  unit  in  the  case  of  the  gyro-pendulous  or  single-axis  North-findars  as  des¬ 
cribed  is  mechanically  coupled  to  the  theodolite  vertical  axis,  and  the  calibration 
factor  depends  directly  on  the  angular  stability  of  this  coupling.  This  does  not  affect 
the  two-axis  rate  gyro  where  the  theodolite  is  also  used  as  the  gyro  pick -off,  but  a 
considerable  error  can  arise  with  this  system  because  of  the  read-out.  It  defines  a  plane 
by  two  lines  (the  two  axes  of  rotation)  which  are  typically  of  the  order  one  degree  to 
each  other.  Ibis  means  that,  to  attain  an  accuracy  of  one  arc  minute  in  the  north  deter¬ 
mination,  the  spatial  attitude  of  the  axes  must  be  determined  within  one  arc  second.  It 
is  very  difficult  to  increase  the  angle  between  the  axes,  since  this  means  reducing  the 
viscous  drag  between  sphere  and  case,  which  can  only  be  done  at  the  cost  of  large  clear¬ 
ances  in  the  bearing,  much  higher  gas  flows  and  hence  larger  compressors. 


4.3  Errors  Due  to  Environment 

In  the  Introduction  it  was  stated  that  the  North-finders  discussed  were  for  use  on  a 
stationary,  stable  base,  but  stable  is  only  a  relative  term  and  the  very  small  tilting 
motions  which  occur  in  the  ground  and  in  the  support  structure  used  to  carry  the  system 
are  critical  to  the  accuracy  of  the  North-finding  system, 

Uiese  tilts  may  be  continuous  or  periodic.  Continuous  tilt  can  arise  from  differential 
expansion  within  the  support  structure  (usually  a  tripod)  due  to  temperature  or  humidity 
effects  and  from  sinking  of  the  support  structure  into  the  ground.  Oscillatory  tilts  are 
always  present  in  the  ground  and  are  greatest  near  moving  vehicles,  machinery  etc.  A 
further  cause  is  wind-excited  vibrations  of  the  support  structure  and  gyro -theodolite. 

The  gyro-pendulum  is  effectively  isolated  from  the  continuous  tilts  (provided  it  is 
not  damped  in  any  way)  and  they  should  have  no  effect  on  it.  The  two  rate  gyro  systems 
cannot  distinguish  between  such  rotations  and  the  polar  rotation  of  the  earth,  and  will 
therefore  produce  an  error.  Ihese  errors  can  be  allowed  for  by  measuring  the  rate  and 
direction  of  tilt  of  the  gyro -theodolite  relative  to  the  local  vertical  by  some  other 
method,  though  this  has  not  generally  been  done. 

Ihe  oscillatory  tilts  have  two  effects.  Ihey  give  a  periodic  component  to  the  output  of 
the  single-axis  rate  gyro  and  an  oscillatory  indication  of  North  from  the  two-axis  rate 
gyro,  but  these  frequencies  are  generally  above  1  c/s.  Ihe  other  effect  is  the  rectifying 
effect  known  as  "coning”.  If  the  input  axis  of  a  rate  gyro  is  forced  to  describe  a  cone 
the  instrument  sees  an  input  rate  which  is  equivalent  to  the  solid  angle  of  the  cone  in 
the  time  taken  to  describe  it. 

This  is  unlikely  to  affect  the  two-axis  rate  gyro  because,  at  frequencies  above  about 
0.01  c/s,  the  gyro  behaves  as  a  free  gyro,  l.e.  the  spin  axis  does  not  appreciably  move 
from  its  spatial  position,  but  the  single-axis  gyro  will  see  the  error  in  full.  1b 
illustrate  its  magnitude,  if  the  input  axis  describes  a  cone  of  semi-angle  2  seconds  of 
arc  at  io  c/s.  this  is  equivalent  to  an  input  rate  of  0. 0006° /hour. 

Though  the  pendulous -gyro  is  effectively  isolated  from  such  oscillatory  tilting  of  the 
gyro  system,  similar  errors  can  arise  due  to  lateral  vibrations  of  the  suspension  point, 
especially  if  the  vibration  frequency  lies  close  to  one  of  the  basic  pendulous  frequencies. 
Such  effects  could  be  reduced  by  damping  the  pendulum,  but  this  would  make  the  system 
sensitive  to  tilts. 


S.  THE  INFLUENCE  OF  TIME  ON  ACCURACY 
9.1  Ihe  Gyro -Pendulous  North- Finder 

Systematic  errors  such  as  are  due  to  wrong  calibration,  unwanted  glmbal  torques  etc. 
are  not  reduced  by  long  time  of  testing,  but  those  due  to  transient  effects,  random 
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observer  error  etc.  will  reduce  as  the  inverse  of  the  square  root  of  the  number  of  turning 
points  observed.  Certain  other  errors  due  to  the  environment  may  be  reduced  by  North- 
finding  at  several  distinct  points  and  correlating  the  results.  (This  is  true  of  the 
other  two  types  of  North-finder  as  well).  It  is  obvious  that  the  feature  which  determines 
the  number  of  readings  which  can  be  taken  in  any  given  time  is  the  period  (see  Equation 
(1))  and  from  this  aspect  the  shorter  the  period  the  better.  However,  we  require  a  large 
value  of  H  (to  keep  the  effect  of  unwanted  torques  small)  and  a  small  value  of  M  (to 
enable  a  delicate  low  torque  suspension  wire  to  be  used).  This  leaves  the  length  l  as 
the  only  other  feature  which  is  under  the  designer’s  control,  this  is  limited  by  the 
physical  size  of  the  system  and  the  increase  in  M  which  is  necessary  if  the  gimbal  is 
to  be  kept  as  a  rigid  structure.  The  majority  of  commercial  North-finders  have  periods 
of  between  five  and  ten  minutes. 


5.2  Hie  Single-Axis  Rate  Gyro 

There  are  three  factors  to  be  considered,  the  time  taken  to  obtain  a  reading,  the  time 
between  successive  readings,  and  the  number  of  readings.  The  number  of  readings  influences 
the  probability  of  error  from  random  causes,  as  with  the  gyro -pendulum. 

The  time  between  successive  readings  should  be  short  to  reduce  the  probability  that  the 
gyro  fixed  torques  have  changed,  but  the  time  taken  over  each  reading  must  be  long  enough 
to  allow  the  averaging  or  smoothing  out  of  the  transient  rates  which  are  always  present, 
and  time  must  also  be  allowed  for  certain  systematic  effects  to  disappear  after  the  gyro 
has  been  aligned  to  a  new  azimuth.  These  effects  are  dependent  on  the  method  which  has 
been  used  to  define  the  output  axis  of  the  rate  gyroscope.  If  the  gimbal  is  supported  on 
jewels  and  pivots,  these  must  operate  with  clearance  and  the  gimbal  has  a  finite  angular 
freedom  about  the  input  axis.  Before  an  accurate  rate  reading  can  be  made  the  output  axis 
must  have  reached  a  stable  position,  which  depends  on  the  vertical  component  of  the  earth’ s 
rate.  The  time  taken  to  reach  this  stable  position  is  largely  dependent  on  the  damping  of 
the  gimbal  about  the  input  axis.  This  damping  is  very  high  with  the  conventional  design 
of  single-axis  rate  integrating  gyroscope  but  it  may  be  reduced  by,  for  example,  introdu¬ 
cing  channels  into  the  damping  gap. 

5.3  The  Two-Axis  Rate  Gyro 

A  North  value  nay  be  taken  with  this  system  from  the  moment  the  system  has  been  set  up 
and  the  case  and  sphere  run  up  to  speed.  When  the  sphere  is  decaged  the  axis  of  the  sphere 
immediately  commences  to  move  off  in  the  East-West  vertical  plane,  and  the  accuracy 
increases  as  the  divergence  between  case  axis  and  sphere  axis  Increases.  The  angle  between 
these  two  axes  a  is  given  to  a  first  order  by 


where  ag  is  the  final,  equilibrium  value  of  a  and  t0  is  a  time  constant  which  will 
have  a  value  of  the  order  five  minutes  if  a0  =  j°  . 

After  the  sphere  axis  has  approached  its  equilibrium  position,  extra  tine  can  be  used 
to  take  repeated  observations  in  the  theodolite,  taking  the  usual  step  of  reversing  the 
horlaontal  theodolite  axis  between  readings. 


6.  COMPARATIVE  PERFORMANCE 

Performance  is,  as  always,  largely  a  question  of  what  one  is  willing  to  pay  for,  no 
matter  what  system  la  being  considered.  The  following  comments  are,  necessarily,  very 
general. 
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There  is  very  little  published  data  on  the  two-axis  gyro  system;  it  has  not  been 
developed  as  extensively  as  the  other  two,  and  it  is  difficult  to  make  a  comparative 
assessment  of  its  potential  as  its  main  problems  are  essentially  peculiar  to  that  system 
only. 

Of  the  other  two  systems,  the  gyro-pendulum  is  relatively  simple  in  construction  but  is 
not  so  simple  to  operate  and  the  suspension  is  prone  to  damage.  It  can  be  made  easier  to 
operate  by  the  addition  of  automatic  read-out  svstems  or  by  the  Inclusion  of  damping,  but 
these  increase  the  cost  and  complexity  and  the  second  feature  can  increase  the  liability 
to  error.  The  single-axis  rate  gyro  is  both  very  rugged  and  easy  to  operate.  The  res¬ 
ponse  of  the  two  systems  to  their  environment  is  different,  i.e.  the  undamped  pendulum  is 
affected  by  horizontal  vibrations,  the  single-axis  gyro  by  tilt  and  the  damped  pendulum 
by  both.  There  is  not  enough  evidence  to  indicate  which  of  these  is  likely  to  be  the  more 
severe  problem,  but  the  fundamental  limitations  of  the  simple  systems  which  have  been 
described  are  from  the  environment  and  not  the  mechanics  of  the  system.  To  overcome  these 
limitations  it  will  be  necessary  to  isolate  from  the  environment  or  to  measure  the  effects 
by  other  instruments  and  make  a  correction  for  them. 

There  is  not  a  great  deal  of  difference  at  this  stage  of  development  between  the 
accuracies  claimed  by  the  different  manufacturers;  typically  these  are  of  the  order  one 
minute  of  arc  half  an  hour  after  setting  up,  improving  to  ten  seconds  of  arc  after 
repeated  readings. 


7.  FUTURE  DEVELOPMENTS 

North-finders  are  now  available  which  will.  In  the  field,  meet  most  of  the  accuracy 
requirements  of  potential  users.  Future  development  must  be  aimed  largely  at  reducing 
both  the  capital  cost  and  the  operating  cost  of  the  equipment.  This  development  will  be 
very  much  Influenced  by  the  parallel  development  of  inertial  navigation  systems  where  the 
aim  is  similar.  New  types  of  angular  rate  or  displacement  sensors  are  reported  regularly 
and  some  of  these  may  be  adaptable  for  use  as  part  of  a  North-finding  system.  Past 
experience  has  shown,  however,  that  the  mechanical  design  of  the  system  is  only  one  factor. 
Developing  a  suitable  operating  technique  is  of  equal  importance  to  the  overall  accuracy, 
and.  as  emphasised  in  the  previous  section,  the  environment  in  which  the  system  la  used 
must  be  carefully  considered. 

At  present  we  often  calibrate  our  North -finders  by  comparison  with  a  datum  obtained 
from  astral  survey.  In  the  next  few  years  it  is  reasonable  to  expect  that  this  will  not 
be  adeqpate  and  that  the  gyroscope  will  rival  in  accuracy  the  older  methods  of  determining 
the  meridian. 
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SYSTEM  PARAMETERS  AS  CONSIDERED  IN  THE  DESIGN 
OF  A  SMALL  INERTIAL  NAVIGATION  COMPUTER 

J.Kydd 


I.  INTRODUCTION 

The  system  design  of  a  snail  digital  inertial  navigation  computer  (DAN  M*l)  will  be 
discussed.  The  physical  layout  of  the  coaputer  will  be  described  briefly.  Special 
attention  will  be  paid  to  the  factors  and  trade-offs  which  established  the  necessary  word 
size,  storage  capacity,  computing  speed,  and  the  interaction  of  sensor  characteristics 
with  those  of  the  computer.  The  coaputer  operates  with  whole  binary  nuabers  and  with  a 
fixpd  binary  point.  It  has  been  described  briefly  elsewhere2’2.  Figure  1  is  a  recent 
photograph.  The  coaputer  exploits  the  ''ORDIC  algorithas  for  trigonometric  computation1'*. 

The  following  problems  have  been  programmed: 

(1)  The  inertial  navigation  problem  with  system  axes  chosen  to  be  unipolar  wander- 
angle. 

Present  position  longitude  and  latitude  (A.p,fp)  are  computed  from  x  and  y 
accelerometer  inputs. 

(2)  Course  and  distance  to  current  destinction  or  to  alternate  destination.  The 
number  of  possible  alternate  destinations  la  four. 

(3)  The  definition  of  flight -path.  (Ground  speed,  ground  track  angle). 

(4)  Tiae-to-go  and  eat  lasted  time  of  arrival  (ETA). 

($)  Path  control.  (Distance  cross-track,  steering  error  signal). 

The  problems  listed  apply  to  'navigate*  mode.  The  mechanisation  ia  that  of  an  Inertial 
navigation  wander-angle  ays lea  and  aainly  follow#  the  prescription  of  the  Avionics 
laboratory  at  Ho  1  Iowan  Air  Force  Base’.  There  is  also  a  program  to  align  the  system  no 
the  ground. 

In  navigation  node,  the  control  loop  containing  the  computer  consists  of  the  following: 
platform  x.y  .  and  a  accelerometers  -  x.y  .  end  t  voltage  to  frequency  converter* 
(quantisers)  -  computer  x  and  y  velocity  registers  -  computation  of  x.y.x  angular 
space  rates  •  counter  .'.-modulation  circuits  •  platform  gyros.  This  loop  will  be  traced 
through  to  establish  the  interaction  of  computer  Iteratioo-rate  with  input  and  output 
circuits.  Special  attention  will  he  paid  to  scaling  problems,  particularly  of  double- 
precision  operations  used  to  calculate  curlolls  terms  and  direction  cosines.  Figure  2 
la  a  system  diagram  giving  the  flow  cf  data  (relevant  to  the  above  control  loop)  through 
the  computer. 

Referring  to  the  figure.  It  ia  evident  that  the  main  system  inputs  are  sign  and  magni¬ 
tude  signals  of  .  These  are.  in  their  tan.  outputs  of  voltage- to -freqoeocy 

converters  (also  called  ‘‘quantisers").  The  basic  circuit  of  a  9>m>tiaer  is  as  Figure  3. 
The  J.c.  inputs  to  the  quantisers  come  from  the  corresponding  accelerometer*  on  the 
inertial  platform.  The  other  system  input.  hg  .  is  baronetrir  altitude  from  the  air-data 
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system.  It  is  used  to  compute  vertical  velocity,  vz  ,  output  from  a  baro-inertial 
vertical  velocity  loop.  Another  input  to  "input  gating"  is  not  shown  in 

Figure  2.  It  is  a  data  word  read  in  on  one  line  from  a  digi-3Witch  in  the  control  console. 

For  the  moment,  the  physical  font  of  the  inputs  and  outputs  will  not  be  specified,  but 

the  information  which  they  'epresent  will  be  traced  through  the  computer.  Each  input  and 
output  ward  has  a  definite  address  in  the  Scratch-Pad  memory.  Because  the  latter  is  a 
dynamic  re-circulating  delay  line,  the  word-address  is  determined  by  the  time  at  which  a 
given  word  and  its  bits  are  available  at  the  output  of  the  line.  The  basic  timing  organ¬ 
ization  is  represented  in  Figure  5 

The  major -cycle  is  the  -  ectrical  length  of  the  delay-line  loop.  A  typical  word- 

address  is  defined  by  specifying  the  proper  minor  cycle,  bit.  and  line,  i.e.  msG1B? 

Hie  word-address  thus  also  specifies  the  input  gating  control  suitable  for  entering  a 
given  word.  All  the  input  signals  ire  synchronous  with  the  major-cycle  time-base  of  the 
computer.  A  given  word  consists  ot  28  bits  and  each  bit  of  the  given  word  occupies  the 

specified  bit-position  in  one  to  26  groups.  The  total  capacity  of  the  memory  (2  similarly 

organized  lines)  is  104  words  of  26  bits.  Hie  4  output  lines  which  are  permanently 

connected  to  the  computer  ure  shown  on  Figure  2.  cux,a^,a>z  are  the  angular  space  rates  of 

the  platform  used  to  torque  platform  gyros.  is  a  steering  error  signal  intended  to 

keep  own-craft  on  the  true  course  to  target.  These  variables  are  available  to  the  output 
on  one  line  each  in  the  form  of  A-modr.iation  (to  be  discussed  presently). 

The  Information  progresses  down  the  delay-line  memory  and  normally  emerges  from  the 
Sorter  to  recirculate  into  the  'A'  input.  This  is  the  re-circulation  loop.  The  Sorter 
also  has  a  facility  to  erase  a  given  word  from  the  re-circulating  flow  under  control  of 
the  program.  The  Memory  has  random-access  capability.  The  main  function  of  the  Sorter  is 
to  extract  a  word  from  any  memory  slot  specified  by  a  fetch  address  and  place  the  word  in 
one  of  four  data  positi  3,  y,x,t\k  .  This  is  required  by  the  arithmetic  unit  which  works 

the  CORDIC  algorithms.  The  main  CORDIC  operations  which  have  been  mechanized  are  specified 

in  Figure  6. 

The  Buffer  i^  a  small  re-circulating  memory  of  4-word  capacity  (y,x,£,k)  .  It  provides 

en  interface  between  the  memory  and  the  arithmetic  unit.  The  four  words  in  the  Buffer 

transfer  to  the  Shuffler  at  a  suitable  time.  This  data  is  the  input  to  a  CORDIC  operation 
as  specified  by  the  program. 

The  Shuffler  separates  the  data  stream  into  two  streams  containing  the  same  data  but  in 
different  order.  For  a  given  operation,  the  data  re-circulates  back  to  the  Shuffler,  for 
a  total  of  26  passes  through  the  variable  delay.  The  output  y, x.tf.k  have  now  been 
generate!  and  appear  in  the  Buffer.  The  result  is  then  transferred  back  into  any  memory 
slot  specified  by  the  return  address  portion  of  the  instruction. 

Transfer  operations,  of  which  there  are  several,  are  treated  as  a  special  case  of 
Multiply.  A  Compare  operation  has  also  been  mechanized. 

The  outputs  shown  on  Figure  2  are  computed  from  programmed  torquing  algorithms.  These 
will  be  described  later. 


2.  PROCESSING  OF  ACCELERATION  DATA  INPUT  TO  THE  PROGRAM 
The  design  equations  of  the  quantizer  are 


(1) 
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_  2fCTAB  _ 

\ 

1 

K<m 

RC 

(2) 

-  4  *CPAB  _ 

1 

Vf 

RfC 

,  2  A_ 

N  =  —2  (3) 


a 

p  =  LH 


where  f^  -  the  repetition  rate  of  the  clock  pulse  train  driving  the  quantizer  (as  shown 
on  Figure  3). 

A,  =  the  quantizer  design  Baxlnun  (of  input  acceleration.  A). 

R(t)=  pulse  repetition  rate  of  quantizer  outputs  (typical  waveforms  are  shown  in 
Figure  4). 

kj  =  static  gain  measured  from  input  of  quantizer  to  input  of  level  detectors. 

k2  =  static  gain  measured  from  feedback  input  cc  integrator  to  input  of  level 

detectors. 

+^B  =  positive  trip  level  (volts).  WheD  d.c.  level  at  input  of  positive  level 
detector  is  >£b  ,  then  the  detector  output  is  unambiguously  switched  to 
its  1  level. 

=  magnitude  of  d.c.  level  switched  to  its  output  by  either  feedback  driver 
switch  when  +1  is  on  its  input. 

K  =  volts  per  g  scale  factor  of  accelerometer  output  (as  connected  to  quantizer). 

n  =  the  breakout  number  of  the  quantizer  output  =  number  of  frame -times  to  the 
first  output  pulse.  (It  is  the  first  integer  greater  than  A^/A). 

N  =  the  period  number  of  the  quantizer  output. 

p  =  the  number  of  output  pulses  in  q  frame-times  after  breakout.  It  is  the 

first  integer  lower  than  q/N'  .  The  frame-time  for  breakout  is  counted  as 
Q  =  1  . 

If  T  is  the  frame-time  of  the  quantizer  output  (it  is  the  pulse-width  shown  in  Figure 
4),  then  T  =  l/2fCP  .  Other  useful  relations  are 

Td  =  nT  (6) 


where  T0  =  the  breakout  or  dead-time  of  the  quantizer. 
Rfl  -  the  qth  estimate  of  the  output  PRF. 


(7) 
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Equation  (7)  is  applicable  only  after  breakout. 

In  this  system,  the  quantizer  clock  pulse  train  is  the  major-cycle  waveform  of  the 
computer. 

This  choice  makes  fcp  =  1/(676  /js)  =  1.4793  kHz  and  also  gives  any  quantizer  output 
pulse  ready  access  to  a  suitable  memory  slot,  (without  any  loss  of  quantizer 

output  pulses). 

Each  of  the  three  quantizer  output  lines  have  the  same  scale: 


Mode 

Scale 

ALIGN/CALIBRATE 

64  x  15  pps  =  0.96449  metre  sec” 2 

NAVIGATE 

15  pps  =  0.96449  metre  sec*1 

Only  the  NAVIGATE  mode  will  be  considered  here. 

The  least  velocity  increment  delivered  by  a  quantizer  to  the  computer  (represented  by 
one  quantizer  output  pulse)  is 


Av 


0.  96449 

-  metre  sec 

15 


(8) 


2. 1  Adequacy  of  Design  Parameters  of  the 
Quantizer-Computer  Interface 

Whether  or  not  the  design  parameters  of  quantizers  as  quoted  above  are  adequate  from 
the  system  point  of  view,  can  be  answered  by  the  following  rough  argument. 

Test  the  quantizer  by  applying  a  step-function  of  acceleration  of  value  equal  to  the 
accelerometer  threshold,  A  -  5.0  »  10” 5g.  The  true  velocity  at  the  output  is  vT  =  At  . 

The  error  Av  =  v  -  vT  is  plotted  in  Figure  7(a).  The  time-base  is  established  by 
computing  the  breakout  time  and  period  of  the  output  waveform.  Equation  (8)  gives  the 
velocity  increment  for  each  pulse,  Av  ~  0.212  ft  sec”1  ,  and  AB  ~  9.75g  , 

Thus  TD  =  nT  ^  65. 8  sec. 

N'T  =  3.9  x  10s  x  338  x  10"®  ^  132  sec. 

The  amplitude  of  Av  varies  roughly  between  ±0.1  ft  sec*1. 

The  plot  of  velocity  error  shown  exhibits  an  error  source;  it  is  not  the  propagated  value 
of  the  error.  It  is  likely  that  a  velocity  error  of  the  form  shown  is  less  detrimental  to 
the  system  than  is  an  initial  velocity  (offset)  error.  The  latter  type  of  error  gives  rise 
to  a  system  position  error10  of 


Ax 


Ai0 

—  sin  ctfet  , 

ws 


(9) 


where  ^  is  the  angular  Schiller  frequency.  This  equation  applies  to  a  tangent  plane 
system  but  it  should  apply  approximately  for  short-time  missions.  If  Ax0  =  o.  1  ft  sec*1, 
then  the  maximum  Ax  *  80  ft.  This  is  negligible  compared  to  a  position  error  propagation 
for  an  inertial  system  (short-time  mission)  of  typically  1.25  nautical  miles  per  hour  of 
flight11. 
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Figure  7(b)  is  a  plot  of  the  velocity  quantization  error  for  A  =  2.0g  .  The  input 
pulses  are  collected  during  the  "fast  loop"  iteration  tine  of  the  conputer,  Tp  (calcu¬ 
lated  in  the  next  section).  The  d.c.  conponent  of  the  waveform  shown  is  about  1  ft  sec*1. 
If  this  number  is  used  in  the  sane  rough  argument  made  above,  the  maximum  Ax  ~  800  ft. 

In  practice,  the  position -error  due  to  this  source  should  turn  out  to  be  considerably  less 
than  this. 


3.  SYSTEM  PARAMETERS  OF  THE  COMPUTER 


3. 1  ftord  Size 


The  word  size  had  to  be  determined  not  only  by  the  presently  contemplated  use  (inertial 
navigation)  but  also  other  possible  applications  of  the  computer.  It  was  assumed  that 
angle  numbers  required  a  20  bit  word- length.  This  is  suitable  for  a  Stellar  Inertial 
Doppler  system,  where  stellar  bearing  and  elevation  have  219  bit  accuracy.  The  resolution 
out  of  360°  is  1.2  dec.  It  is  true  that  most  shaft-angle  to  digital  transducers  in  use 
in  most  systems  have  not  the  accuracy  indicated  above. 

An  error  analysis  of  the  CORDIC  algorithms  used  showed  that  a  26  bit  word-length  was 
necessary  to  achieve  the  order  of  accuracy  indicated. 

3.2  Iteration- rate  of  Programs 

The  computer  updates  the  angular  space  rates  of  the  platform  (aix,ci>y,c«;B)  at  the  highest 
computing  rate. 

The  iteration-rate  required  may  be  computed  roughly  as  follows: 

min(A0_)  2  set 

T,  =  - — I—  =  - —  =  0.033  sec  . 

max(wy)  60  deg  hr  1 

where  2  deb  =  minimum  angular  increment  of  the  torquing  waveform  output  from  the 
computer. 

60  deg  hr*1  =  the  maximum  angular  space-rate  (of  ug)  in  the  wander-angle 

system,  NAVIGATION  mode. 

Each  operation  executed  by  this  computer  requires  two  instruction  words  (each  of  32 
bits).  An  analysis  of  the  present  programs  shows  the  following  allocation  of  instructions: 

Constants  41 

Align,  Gyrocompassing,  Calibration  132 

Navigation  278 


The  present  Read-Only  Memory  (where  these  instructions  are  stored)  has  a  capacity  of  512 
32  bit  words. 

The  NAVIGATION  program  effectively  consists  of  the  following  "fast"  and  "alow"  blocks, 
computed  in  the  order  given;  P,  Si,  P,  62,  P,  S3,  P,  64.  The  fast  block  contains  22 
operations,  whereas  each  slow  block  contains  20  operations.  Each  operation  requires  676 
Ms  to  execute. 


The  torquing  variables  e^,  o^.  are  computed  in  the  fast  block.  The  Iteration 
time  for  the  fast  block  is  thus  (168/4)  *  676  *  10**  -  0.028392  sec. 
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The  sane  Iteration-tine  also  applies  to  the  conputation  of  torquing  variables  in 
ALIGN  nodes. 

The  computation  of  azimuth  angles  in  a  wander- angle  system  is  a  thorny  problem  with 
some  connection  to  computer  iteration- rate  requirements. 

In  Figure  8,  various  azimuth  angles  are  defined  relative  to  true  North  (N),  platform 
x-axis  (xp)  ,  and  aircraft  longitudinal  axis  (xA)  .  These  angles  are  platform  azimuth 
angle  0 P)  .  true  heading  (4>)  ,  and  platform  wander-angle  (/3)  .  The  block  (P)  denotes 
platform  azimuth  servo.  The  block  (C)  denotes  the  digital  computer  and  (C*)  is 
another  computation  block  (possibly  not  included  in  the  computer).  The  problem  is  whether 
or  not  C'  should  be  part  of  the  digital  computer  or  part  of  an  external  ‘Heading"  servo. 
A  complete  discussion  would  entail  a  comparison  of  the  economics  and  physical  character¬ 
istics  of  a  digital  heading  servo  (driven  by  /3)  or  the  use  of  synchro/digital  and  digital/ 
synchro  converters.  There  is  considerable  activity  in  the  development  of  the  latter 
devices  at  the  present  time9.  Our  Company  at  Woodland  Hills,  California,  is  also  active. 

The  present  system  assumes  that  an  external  heading  servo  is  used.  There  are  no  azi¬ 
muth  slews  under  computer  (and  hence  gyro)  control.  Eventually,  a  mixture  of  the  two 
alternatives  may  be  used.  Azimuth  slewing  in  ALIGN  mode  may  be  done  under  synchro  control 
as  (B)  in  Figure  8,  but  the  computation  of  =  0  -  0  in  NAV  mode  may  be  done  by  the 
computer.  The  computation  must  be  done  at  a  fairly  high  rate.  and  </'  can  change 

rapidly  in  a  fast  horizontal  turn.  The  iteration-time  required,  if  one  allows  a  lag  of 
0.  5  degrees  between  computed  and  true  heading,  is  as  follows: 

A4>  0. 5  deg  1 

T,  =  -T-  =  - -  =  —  sec  . 

<p  20  deg  sec  1  40 

In  the  azimuth  control  of  Coarse  Levelling  typified  by  (B)  of  Figure  8,  the  external 
servo  requires  to  know  whether  the  angle  &  equals  380 P  or  equals  90°.  This  is  required 
because  alignment  of  the  platform  can  take  place  with  x  or  y  axis  North  as  required 
by  a  calibration  procedure. 

The  NAVIGATION  program  updates  navigation  variables  like  those  listed  in  the  Introduc¬ 
tion  at  8.8  times  per  second. 


4.  INTERACTION  OF  THE  COMPUTER  1ITH  QUANTIZED  INPUTS 

In  thla  section  it  is  necessary  to  do  some  scaling.  The  convention  is  followed  that  a 
physical  variable  is  represented  by  a  symbol  with  a  bar.  For  example,  in  *he  case  of 
earth -rate, 

ft  =  (SPO)  Q  ,  where  (SfO)  is  the  scale  factor  and  the  value  of  O  is  a 
number  in  a  register  of  the  computer  (Max  |ft|  =  1). 

Velocity  components  in  directions  given  by  platform  axes  are  computed  typically  as  follows: 

v,  =  |  tA,  -  (c^  ♦  n,)v,  +  (0^  +  I^)v,)  dt  (10) 


and  there  is  a  similar  equation  for  vy  . 

The  ten  involving  the  acceleration  input  ia  approximated  uaing  Equation  (1): 


t 


"(Tr> 

TP 


(11) 


I 
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where  N(Tp^  is  the  number  of  quantizer  pulses  collected  in  the  “fast  block"  iteration- 
time,  Tp  .  The  value  of  Tp  was  given  in  Section  3. 

Quantizer  input  pulses  are  added  into  a  register  of  the  computer,  Qg  ,  which  la  reset 
every  iteration  time,  However,  each  pulse  from  the  quantizer  line  is  not  added  Into  the 
least  significant  bit  position  of  the  register  (2‘25).  but  rather  into  the  position  (2'“)  . 

This  is  done  to  force  the  scale  factor  relation  SFQg  =  SFv  . 

=  ,—  "<*>  <13» 

CP 

A. 

0  r  - " -  N/t_. 

^  fpp  (SPV)  (TP> 


Min  Aqs 


Aw 

f  (SPV) 


2 


-l* 


This  equation  determines  the  SFv. 


The  corresponding  finite-difference  equation  in  machine  variables  is 


SPv 


(Vi  =  (V1M  +  «*>, +  TP  —  <VlM  - 


(IS) 


The  scale  factor  of  all  angular  velocities  is  (SPv/a)  where  a  is  earth-radius. 
However,  there  is  a  problem  (described  in  the  nest  section)  riien  one  tries  to  add  the 
last  (Coriolis)  term  into  the  vf  register. 


S.  "DOUBLE  PRECISION"  OPERATIONS  IN  NAV  MODE 

In  the  DAN  computer  program  it  is  necessary  to  maintain  certain  numbers  to  an  seen  racy 
greater  than  is  possible  with  the  present  word-length.  The  two  problem  areas  where 
“double  precision"  is  required  are  the  following: 

(1)  Computation  of  Coriolis  terns  to  be  added  into  a  velocity  register.  (See  Rotation 
(13)). 

(11)  Computation  of  direction  cosinea  from  the  corresponding  rates  of  change. 

The  computation  of  Coriolis  terms  la  considered  here. 

A  typical  Coriolis  term  is 

C*  2  H  ♦  ^a>*y  ‘  (“V  ♦  fy)**  • 

Consider  the  case  when  v^o.  The  scale  factor  of  the  C,  register  is  (■*)*/ a  * 

B.  IS  ft  sec’*  .  The  maximum  of  («^  *  fy)vy  *  1.405  rad  ft  see*'  .  therefore  the 
maximum  (w,  ♦  f^)vy  ^  2*1  . 

The  precision  to  which  (<^  ♦  Os)vJ  most  be  expressed  can  he  estimated  thus: 

&(«,  ♦  flglvj  _  Avj  A(&fc  ♦  fL) 

(t^  ♦  f^)Vy  Vy  (O^  ♦ 


216 


Tike 


Therefore 


A(a),  +  n,)vy 
(wz  +  n„)Ty 


3  *  10**  ~  2*l?  • 


Thus  the  nuaber  (wE  +  Q^Vy  should  extend  In  the  C%  register  fro*  shout  2* 3  to  2* 15 
According  to  Equation  (13),  this  nuaber  is  then  nultlplied  by  Tp(SFv/a)  to  produce  s 
ter*  suitable  to  add  into  the  vx  register.  Call  this  ter*  vx  .  Pro*  data  already 
given,  one  calculates 


Max  Vj  ~  2* 19  • 


This  ter*  Vy  would  extend  in  the  vx  register  approximately  fro*  2*1*  to  2*3.  However, 
the  register  length  extends  only  to  the  2*2S  position.  Thus  significant  places  would 
ordinarily  be  rounded  off. 


In  a  typical  situation  of  each  of  the  probleas  listed  above,  a  saall  ter*  *ultlplled 
by  a  factor  Tp(SPv/a)  is  to  be  added  into  another  register  at  each  Iteration  of  the 
"fast  loop”.  However,  this  would  entail  dropping  significant  places  of  the  saall  ter*. 
The  following  double-precision  operation  is  used  instead. 


Consider  two  registers  A  and  B.  A  is  construed  to  be  aore  significant  and  B  less 
slpiiflcant.  Let  the  saall  ter*  be  Cx  and  the  variable  in  A  be  v#  .  The  object  is  to 
add  C(  into  vs  as  described  above.  One  way  to  do  this  is  as  folio**: 

(1)  Accumulate  C,  in  the  register  B. 

(2)  Test  B  for  significance  in  the  A  register. 

(S)  then  B  is  dlpilflcaet.  transfer  the  significant  part  of  B  to  the  A  register. 

(4)  Asset  B  to  the  inaignif leant  part  of  B. 


Note  that  the  A  register  receives  the  accuaulatloe  of  saall  terms  fro*  B  which  are  sig¬ 
nificant  in  A  and  laaed lately  when  they  becoae  significant.  Bits  in  B  *hlch  are  not 
transferred  are  not  lost;  this  procedure  is  sot  difficult  to  pregras  on  our  coaputer  hut 
the  actual  progressing  cannot  he  gives  her*. 


«.  CMPtlTEB-dENCBATCB  PLATFSBB- TtBQCINS  •AVEF0MS 

Output  torquiag  waveforms  on  three  output  lines,  ,  arc  generated  by  operations 

o*  three  registers  in  the  coaputer  named  VVT*  - 

The  sane  generating  algorithms  are  used  is  all  nodes  whether  Coarse  Levelling,  (frro- 
coapessfng,  or  Nuvigatioa. 


<*«>!♦«  *  <Vl  ♦«*•(«■  <T*>|  =  H>l*» 

<Vf»  *  <Vl  =  (ev>t., 

(Vi.  i  *  <Vi  cvi  * 


The  al  fori  than  are 
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Hie  transition  i+l  -  i  signifies  an  elasped  tiae  of  ,  the  lteratlon-tlae  of  the 
"fast  loop"  In  the  prograa.  The  functions  written  on  the  right-hand  side  of  the  equatiot'a 
are  forcing  functions  for  the  wavefora  generation.  They  are  the  current  values  of  the 
appropriate  angular  space  rates  required  to  torque  the  platfora  and  aa  coaputed  toy  the 
prograa. 

The  wavefonas  on  the  output  lines  are  foraed  aerely  by  saapllng  the  sign  of  the 
Tj,  Ty,  Tt  regirters  as  appropriate  and  as  indicated  in  Figure  9. 

For  illustration,  the  torquing  equations  of  Ooarse  Levelling  (in  ALIGN  node)  will  be 
outlined. 

6. 1  Torquing  in  Coarse-Level ling 

Earth -rates  are  taken  to  be  aero  in  coarse-level ling.  In  the  prograa  earth -rates  are 
loaded  with  zero  values  and  non-zero  values  are  first  calculated  at  the  start  of  fine- 
levelling. 

The  iteration  tlae  for  torquing  is  the  sane  as  that  calculated  previously  and  is 
0.  023392  sec. 

6.1.1  x  and  y  Torquing  in  Course-Levelling 

(The  equations  are  the  sane  for  X-axls  North  or  Y-aais  North). 

TrT  T,  are  registers  used  to  establish  torquing  output  mvefbms  on  three  output 
lines  *x.*r*t  .  For  i  and  y  .  the  algorlthna  aechanized  are 

Let  $  0"  be  denoted  by 

“Qj  =  0“  be  denoted  by  (j^  and  so  on. 

The  state  of  the  input  registers  is  then  specified  by 

Case  l:  0^  Q, 

Case  2:  ^  0, 

Case  y  kf  \ 

Case  i:  Qy  Q,  . 

These  four  cases  are  covered  by  the  prograa  as  follows: 

Cue  I. 

(T,),.,  8  <Vl  *  Ct  alga  (Tt)t  •  C,  sign  «^)t;  C,  =  C, 

(Vim  =  <Vi  *  c,  siga  (Ty)t  ♦  c,  aim  (^>i  . 

<Vie,  :  *  c»  *Vi  *  Ci  «Vi 

*  Cj  alga  (Ty){  . 


Case  2 
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Case  3: 

<Vi+i  =  (Vl  *  c2  8i*"  <Tx>i 

(ViM  =  <Ty>i  *  c2  8i«®  (Tyh  +  ci  81811  • 

Case  4: 

<Vl+i  =  (Tx>i  *  C2  8i8B  <Vi 

(T,)i+i  =  (TyH  -  C,  #i«n  (T,)i 

The  Interval  1  -  1+1  ,  narked  by  index  i  is  the  tine  between  successive  octsls  (112). 
This  is  the  iteration-tine  coeputed  in  3. 2  above. 

6.1.  2  z-torquing  in  Coarse-Level  ling  (X-axis  North) 

Case  1: 

Q,  4  o .  <ViM  =  ci 8i«®  (®xH 


Case  2: 

®x  ~  0  •  <*«>!♦»  =  <Vi  -  C,  sign  (T,^  . 

ttoi  Y*«xls  N  .  replace  in  Case  i  by  ^  . 

6.1  3  Scaling  Delations 

According  to  the  list  of  constants.  Cj  =  C,  =  100  C,  . 


srrx  =  8fCj  =  sfTy  =  arc. 


—  la  the  east  as  in  NAV  node, 
a 

•ax  i,  3  aax  »,  -  38(P  hr*  ‘ 

■a*  it  3  erf*  hr*  ‘  . 

Angle  increnent  of  (*..*,)  wavefema  corresponding  to  one  iteration -tine  interval  * 
(■as  «)  AT  3  360  aft  sec**  •  42  •  «T8 .  10**  sec 


-  10  1  MC  . 

Angle  Increnent  of  (lg)  eavwforn  correepoading  to  one  Iteration -tine  interval  - 
(IMS  »„)  At  ^  .  7  deb. 

fetlaate  of  tine  regal  red  to  develop  a  niaatlaer  input  pa  lee  rate  of  i  pnlae  per  itera¬ 
tion  (conpare  ala  t*  3  12. 3  aTh  an  calculated  below)  in 


12  .  S  >  90  at 

in&-ZF-  '  1MC 
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Minima  0,  or  (taken  as  1  pulse  every  iteration): 

Min  (5v)1  -  (8PQ,)  2" 14 

/Av\  1 

Min  { —  )  =  Min  (acceleration)  =  —  of  the  value  above. 

Wi  <2 

Hence  Min  6  *  12. 5  ain,  vhera  this  ainiaua  corresponds  to  1  pulse  every  Iteration. 

A  particular  case  of  coarse- level  ling  (risen  both  quantizer  registers  qVq1  are 
greater  than  zero)  is  illustrated  in  Figure  9.  The  output  vaveforas  are  single-sided. 
These  are  converted  to  double-sided  current  vaveforas  (vith  polarity  as  Barked  on  the 
dlagraa)  in  the  gyro -torqulng  amplifiers  on  the  platforn.  The  appropriate  scaling  levels 
are  written  beside  the  vaveforas  on  the  dlagraa.  These  levels  are  chosen  by  switching 
in  appropriate  resistors  in  the  torqulng  aaplifiers. 

In  co arse-levelling  the  control  is  bang-bang.  The  torqulng  is  full-scale  in  aagnltude 
with  sign  deteralned  by  the  sign  of  the  quantizer  registers.  These  are  reset  every  itera¬ 
tion  as  in  NAV  node. 

1. 2  A- Modulation  of  Torqiiag  lave  forma 

The  essential  idea  of  A-aodulation  is  that  the  information  on  the  wmvefora  is  carried 
by  the  +  and  -  elements  as  labeled  in  Figure  9.  The  tiae-averaging  torqulng  rate, 
say.  is  related  to  this  waveform.  i(t)  ,  as  follows: 


r‘J 

«/  *(t)  « 

o 

ova  %  s  - 

^  TJ 


where  Tj  is  the  period  of  the  waveform,  and  l,t.  la  the  current  through  the  gyro- 
tonplsg  coll.  A  typical  value  of  K  is  27  t  6.02  dog  hr*1  an*1  . 


This  equation  can  be  rewritten  as 


eve 


HT  toj  -  kj) 
T  H 


where  T  la  the  tlae  interval  of  a  t  eleaent  la  the  wavefora.  n  la  the  anaber  of  ♦ 
eleaeats  la  H  .  k  la  the  auMber  of  -  e leave ts  in  M  .  and  N  la  the  total  nwaber  of 
eleaeets  considered. 


If  the  aealnaa  is  repreeeated  by  s  completely  "fl lied -In"  wavefora  (so  pulses), 
then  n  3  N  nad  k  =  0  .  Thus  ana  u  s  KI  . 

The  current  t  Is  thus  deteralned  by  the  aeziaua  terming  level  Is  degrees  per  hour. 

The  basic  aesuapMoa  aade  to  justify  the  see  of  this  type  of  A  modulation  in  gyro 
torqilsg  is  that  the  gyro  will  define  a  space-angle  corresponding  to  the  Input  space-rate. 

A  concise  derivation  of  the  torqulng  algorithms  of  hsctlon  g  and  their  relation  to  A- 
aodulatioa  is  given  la  the  nest  section. 


A  more  coop  lei  essap 
function  la  5,  =  -go  ♦ 
instructive  to  comps te 
(Table  I). 


le  of  wavefora  pmemtlon  la  plotted  In  Figure  it.  The  drlvlag 
^,•1  sad  the  example  Is  pertlmemt  la  Ftme-Uvolling.  It  is 
from  the  wavefora  tad  compare  It  with  the  drlvlag  f vac t low 
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TABLE  I 

Computation  of  u>t  versus  Tine  fron  laveforn  of  Figure  11 


Ct> 


I(N) 


=  60  hr 


-i  [l 


(«) 


‘  k(«)^ 


t 

Cumulative 
Sum • 

Number  of 
iteration 
intervals 

Sec 

Ratio  of 
'  6tP  hr*1 

Degrees 

hr*1 

-60  ♦ 
deg  hr*1 

6 

0. 17 

-6 

-1 

-60 

•49. 128 

7 

0. 199 

*5 

-5/7 

•42.86 

17 

0.483 

-15 

-15/17 

-52.941 

18 

0.  511 

-14 

-14/18 

-46.667 

29 

0.823 

-23 

-23/29 

-47.586 

40 

1.13 

-32 

-32/40 

-48.000 

51 

1.45 

-41 

-41/51 

-48.235 

62 

1.78 

-50 

-50/82 

-48.387 

73 

2.07 

•59 

-59/73 

-48.493 

13ft 

3.94 

-113 

•113/139 

-48. 777 

151 

4.28 

-123 

-123/151 

-48.874 

437 

12.4 

•357 

•357/437 

•49. 016 

*  Count 

l  , 
for 

♦1 

) 

The  eaveforn  of  Figure  11  ana  actually  plotted  out  to  497  Intervale  but  the  portion 
•bom  la  eufftcient  to  Uluetrete  the  principle.  A  plot  of  the  percentage  error  vereue 
tine  is  Aoen  la  Flgsre  12  (data  taken  fron  Table  1).  This  delay  la  establishing  a  pre¬ 
cise  angular  velocity  for  the  gyro  input  la  not  deleterious  to  fine  levelling  or  gyro* 
coupons  lag. 


« .  1  Wignfy  of  Banian  Farms  ters  el  Ibrqpira-Cunpnter  !u  ter  face 

This  cannot  be  aenered  by  single  arguavata  but  requires  slnulatlcn  studies  using  suit¬ 
able  sodels  of  the  coupe  ter  plus  platforu  loop.  Be  have  no  results  to  offer  at  the  present 
tine. 


Hoeever.  the  folloelag  staple  arguneal  lends  one  to  believe  thst  the  tine -intervals  for 
t unjoins,  as  given  here,  are  adequate. 

Sap  pose  that  steady  torques  have  been  applied  to  the  platforu  gyros  and  that  a  steady 
state  has  been  reached  as  at  the  end  of  all  pi  and  gyroconpasalng.  At  son*  point  in  tine 
<l:0>  a  nee  angular  velocity  forcing  function  is  applied  in  the  coupe  ter. 
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In  line  with  the  assumptions  already  made, 


*H 


■  I-s 

i  =  i 


i,  =  Sd-t)  +  ^  Tf 


60  Tp 


x 

i=  l 


sign  (T  )j_. 


(Vi  =  -  60  sign  (T,)^  +  ^ 


Take  of 
xi 


aij,  ,  the  superscript  denoting  values  established  by  the  computer. 


Take 


-  2.21  sw:  sec*2  (based 


(Vo 

60  Tp 


on  maximum  acceleration  =  7g). 
=  -30  deg  hr* 1 
=  1.71  sec 

=  6.28  xlO*2  sTc  sec'1  . 


q  is  the  change  in  space  angle  due  to  the  contribution  of  space  rate  after 


i  =  0  . 


Consider  first  that  ox  is  30  deg  hr*1  .  (o>x  =  0,  i  >  0. )  The  results  are  plotted 
in  Figure  10.  For  &x  ,  the  solid  ramp  is  t>xfi  and  the  histogram  is  6^  , 

If  we  now  consider  the  effect  on  the  Tx  pattern  of  Figure  10  made  by  including  cox  , 
the  following  formula  emerges: 


8<Vi 


Wx  Tr 


which  gives  the  shift  in  successive  levels  of  Tx  , 

However,  the  shift  in  levels  of  Tx  will  not  have  any  effect  on  6^  until  the  nega¬ 
tive  amplitude  of  Tx  in  Figure  10  has  shifted  up  to  the  zero  level.  A  value  of  N  for 
which  this  will  be  true  is  given  by 


N(N+1)  .  w 

— 2 —  TF  =  30  deg  hr 


With  the  values  given,  N  ^  30  iteration  Intervals.  The  time-delay  is  NTp  =  0.852  sec. 
At  that  time,  the  change  in  6  (due  to  cox  Tp)  is  only 


0.054  sec  . 


The  above  argument  established  only  that  the  torquing  “mechanism"  will  likely  follow  the 
change  from  steady  torquing  rates  to  time-varying  ones.  The  following  derivation  of  the 
torquing  algorithm  is  also  instructive  in  this  context. 
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Consider  two  types  of  finite  difference,  5  and  V  . 

TO.i  = 

=  6„  -  . 

where  is  effectively  established  by  the  computer  cn  the  output  line  in  iteration 

interval  i  . 


Note  that  V 

operates  on 

iteration -index 

i  ,  whereas  5  operates  at  fixed  i  . 

Consider  the 

identity 

yS6xi  = 

V*  , 

S  11 

(14) 

tf 

TP 

and  define 

S6x  i  = 

Tp  T,i  • 

(15) 

Hence 

vTll  = 

Ki  =  ^i  -  ^i  • 

will  be  A-modulated  so  it  will  have  the  form  =  60  sign  (  )  when  60°  hr'1  is 
the  maximum  torquing  rate. 


Ihe  sign  function  is  determined  as  follows: 


If 

(^x)i- 

V 

o 

i.e. 

<^>1-1  < 

<*x>l- 

we  want 

"Si  = 

+60  . 

If 

<».)i- 

i  <  0 

i.  e. 

<*x>i- 

we  want 

wxl  = 

-60  . 

Thus 

*-*• 

II 

(Txh-i 

-  60  sign 

(Tx)i 

l*xil  < 

120  deg 

hr*1  .all  i  . 

Thus  Equation 

(15)  gives 

*  3.4  sec 

. 

(Fine -Level ling,  Gyrocompassing  and  NAV  mode). 

Thus  the  difference  between  the  two  &x  curves  of  Figure  10  should  remain  small,  even 
when  the  instantaneous  value  of  <^x  (i.e.  o^j)  changes  from  one  iteration  to  the  next. 

Assume  that  the  orientation  of  the  platform  has  been  determined  to  high  precision  by 
torquing  with  constant  rates  (as  is  done  in  fine  align  and  gyrocompassing),  Then  it  is 
reasonable  to  expect  that  this  high  precision  will  be  maintained  and  that  the  system  will 
follow  the  changing  space  rates  established  by  navigation  mode. 


224 


ACKNOWLEDGEMENT 

She  writer  takes  this  opportunity  to  thank  Mr  L.A.  Borth,  Director  of  Engineering, 
Litton  Systems  (Canada)  Limited,  for  permission  to  publish  this  paper. 


REFERENCES 


1. 


2. 


3.  Voider,  J.E. 


4.  Daggett,  D.H. 


5.  Parini,  J.A. 


6.  Roth.  W.F. 
et  al. 


7. 


8. 


Product  Data  Sheet,  No.  120.  Litton  Systems  (Canada) 

Limited,  25  City  View  Drive,  Rexdale,  Ontario. 

Design  Aspects  of  a  Digital  Airborne  Navigation  Computer. 
Electronics  and  Communications  (Canadian),  February  1966, 
p.  21,  Errata,  ibid,  April  1966,  p.  38. 

The  OORDIC  Trigonometric  Computing  Technique.  Institute 
of  Radio  Engineers  Transactions,  EC,  330,  September  1959. 

Decimal-Binary  Conversions  in  OORDIC.  Institute  of  Radio 
Engineers  Transactions,  EC,  335,  September  1959. 

Divic  Gives  Answers  to  Complex  Navigation  Qiestions. 
Electronics,  105,  September  5,  1966. 

Hyperbolic  Coordinate  Converter,  Final  Report.  Lear  Siegler, 
Inc.  US  Department  of  Commerce,  AD  619  299. 

Detachment  No.l,  Avionics  Laboratory,  Air  Force  Systems 
Command,  Holloman  Air  Force  Base,  New  Mexico. 

(a)  Final  Engineering  Report,  Unipolar  Mechanization  for 
Inertial  Navigation.  TO  MDC-TDR-64-2359,  28  July  1964. 

(b)  Equations  for  Mechanizing  the  Low-Cost  Inertial  Naviga¬ 
tion  System.  Technical  Memorandum  No.l,  March  1964. 

REFERENCE  NOT  AVAILABLE. 


9.  Hyatt,  G.P.  Solid-State  Synchro- to-Digital  Converter.  AFIPS  Conference 

Proceedings,  Vol.31,  1967,  pp. 269*279. 

10.  Kachlckas,  George  A.  Error  Analysis  for  Cruise  Systems.  In  Inertial  Guidance, 

edited  by  G.  R.  pitman,  1962. 

11.  Holm,  Robert  J.  The  1965  Evaluation  of  a  Litton  LN12  Inertial  Navigation 

System  in  Civil  Air  Transport  Operations  Navigation, 

Vol,  14,  No.l,  1967,  p.  105. 


Pig. 1  DAN  Mkl  computer 


226 


SIGN  . $ 

magnitude  h'iztt . n . n—g 

sign  . it . n . n— $ 

mag.  . n . nzjno 

LOW  POSITIVE  ACCELERATION 

MA6, 

sign  TriTmrmjijrno 

mag.  HxoTJTjriTrmr$ 

MAX.  POSITIVE  ACCELERATION 
SI6N  ~U~1 . IXq 

MAG.  Tn n n n' Q 

ALTERNATING  POLARITY  u 

clock  nxmjmnjiXTXo 


P1|.4  Trpicil  output  tnvefomo  of  voltucn-to-frequency  convertor 


227 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

• 

1 

2 

1 

• 

1 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 

• 

1 

1 

1 

i 

1 

1 

1 

i 

^8  II 

on  m 

m* 

*3 

a! 

-  ^  . . 

• 

LEAST 

'•--/^aswiFicAifr 

eifii 

eLfil 

— 

fil 

Bl 

E 

a! 

BiT 

N 


G' 


M,  I  MAJOR  CYCLE  *  338//  SEC  =  13 
#7,  I  MINOR  CYCLE  =  26  jU  SEC  - 26  G 
B,  I  BIT  s  250 /ri SEC 

G,  I  GROUP  *  l//SEC=4B 

Pig.  5  Buie  tiling  organization  of  digit'll  computer  DAN  Mk]  baud  on  re -circulating 

a;norjr 


OPERATION  OUTPUT 


ROT 

VECTOR 

MULT 


f  X’*Dccos©-  ystN©]»c 
l  y'*|jcsiN©+ycos©]i{ 

f  *'•  <vx*+yl 

1  ©'*  ARCTAN[|?]+e 

©'•©♦^ 

1.06072529 


Pig.  6 


CQM>1C  operations  seek  an  1  ted  on  digital  airborne  navigation  coaputer 


228 


01  23456789 

ITERATION  INTERVAL  — 

(8) 


Pig. 7  (feast lie r  velocity  error  due  to  quantiiaticn:  A  =  5.0  *  10* sg  and  A  -  2( 


NAV 


MODE 


rig.  8  Qanputatloa  of  utineth  angle*  in  a  vender -angle  ayatan 


0.0 
-a  i 

-a  2 
-a3 

\ 


GENERATION  OF 
TORQUING 
WAVEFORM,  u*. 

DEG.HR”* 


OOoOoOOOOOOOOOOOOO 

—  Cs|OO^.lo^)fs.0oO  O  “  Csl  fO  ^ 

ITERATION  NGMBECt~ 

Pit.  11  G*n*r»tlon  of  torgtlnt  wtforo 


ts  o 


z 

ff  -s 

£ 

i 

-  10 


iiilOOk.  FOR  h- -60 *?L  0EG.HRT 


I  2  3  4  5  6  7  8  9  10  II  12  13 
tlSECSI — 


Pig.  12  TUw  r*«irotf  to  tfovtlop  accuracy  of  tor«ilac  wrtfon 


THE  APPLICATION  OP  STATISTICAL  ESTIMATION  TECHNIQUES 
TO  INERTIAL  COMPONENT  CALIBRATION 

by 

George  T.  Scheldt 

Massachusetts  Institute  of  Technology. 

Cartridge.  Massachusetts.  USA 


231 


suaiAtv 


The  calibration  of  inertial  instrument*  in  component.  system.  and  vehicle 
level  tests  is  shown  to  be  amenable  to  modern  statistical  f Uterine 
techniques  provided  adequate  node  is  of  the  processes  involved  can  be  found 
together  with  some  aethod  of  solving  the  iamense  computation  problem*.  The 
general  fora  of  any  calibration  system  using  statistical  filtering  is  given 
together  with  techniques  for  simplifying  the  computational  problea.  In  one 
application  gyro  test  table  data  is  processed  by  a  filter  and  the  results 
coapared  with  a  Fourier  series  analysis.  In  a  second  application  the 
design,  l^leaentatlon.  and  test  experience  is  given  for  a  unique  calibra¬ 
tion  filter  used  to  align  and  calibrate  the  Apollo  Guidance  Navigation  and 
Control  System  inertial  platfora  while  it  is  in  a  launch  vehicle  that  is 
subjected  to  wind  Induced  sway. 
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THE  APPLICATION  OF  STATISTICAL  ESTIMATION  TECHNIQUES 
TO  INERTIAL  COMPONENT  CALIBRATION 

George  T.  Scheldt 


1.  INTRODUCTION 

Too  recent  developaents  we  leading  to  changes  in  the  way  inertial  instruaents  we 
calibrated  in  coaponent,  systea,  and  vehicle  level  tests.  One  of  these  developaents  is 
the  nes  statistical  filtering,  prediction,  and  aaoothing  techniques  which  provide  the 
theory  to  account  for  all  randoa  noises,  aeasureaent  errors,  and  disturbances  affecting 
the  coaponent  under  test  and  its  environ  sent.  The  other  coapluaentary  developaent  is 
the  availability  of  aore  powerful  coaputers,  both  the  large  digital  cachine  and  the 
vehicle  on-board  coaputer.  ehlch  provide  the  coaputational  capability  to  take  advantage 
of  aodern  tiae- variable  filter  theory.  There  we.  hoaever,  several  practical  problems 
encountered  uhen  one  attempts  to  lapleaent  these  techniques.  A  major  one  is  in  obtaining 
an  adequate  statistical  sodel  of  the  physical  systems  involved  in  the  calibration  process. 
Another  problem  is  the  immense  amount  of  computation  required.  These  tao  problems  are 
interrelated  in  that  the  aore  accurately  the  system  is  statistically  aodeled.  the  aore 
difficult  the  coaputational  problem  becomes. 

The  plan  for  this  paper  is  to  first  sho*  the  form  of  any  calibration  system  that  uses 
statistical  filtering  together  with  the  basic  filter  equations.  Tho  applications  with 
solutions  mill  then  be  presented.  The  first  is  the  use  of  a  lwge  digital  computer  to 
process  gyro  test  table  data  and  provide  knoeledge  of  gyro  drift  together  mlth  generating 
a  model  of  gyro  behavior.  The  filter  is  formulated  and  actual  gyro  test  data  Is  processed; 
the  results  we  coapwed  with  a  conventional  Fourier  eerlea  data  reduction.  This  problem 
poses  very  little  coaputational  difficulty  because  of  the  availability  of  a  lane  digital 
coaputer. 

The  second  application  la  to  the  allgaaeot  and  calibration  of  an  inertial  platform  la 
#  launch  vehicle  that  is  subjected  to  elnd-lnduced  eeay  ehile  oa  the  launch  pad.  Thta 
application  requires  m  engineering  eolation  to  the  real  time  computation  problem  with  a 
Halted  on-board  coaputer.  «s  also  lapose  the  requirement  that  the  calibration  procedure 
be  Independent  of  My  e sternal  reference.  Osly  the  outputs  of  the  coapocents  on  the 
platfora  are  to  be  used  for  calibration,  the  problem  solution  la  discussed  la  detail  and 
fa.  la  fact,  the  method  used  iz  the  Apollo  Outdance  Navigation  and  Control  Ryatsm. 

The  technique  applied  is  to  see  only  the  tso  boriaontal  nccelercmrters  to  calibrate  the 
gyros,  the  computation  problem  u.  laplemcntlag  the  optimum  filter  is  solved  by  pre- 
computiag  the  time  optimal  galas,  neglect  lag  aiaor  gains,  and  approiiaatiag  these  gains  by 
simple  polynomials  and  espaaeetlals  In  the  guidance  computer.  It  Is  aVnm  that  the  pro¬ 
cedure  cam  be  used  to  measure  the  South  end  vertical  gyro  drifts  to  oae  sen  accuracy  la 
10  and  40  alaates.  respectively.  The  platform  cm  also  be  aliened  la  10  miaatee;  this 
I  a  format  lea  la  used  to  levs)  the  platform  and  then  calibrate  the  vertical  accelerometer. 

Si t  n  eerlea  of  test  positions  ail  inertial  components  can  be  calibrated.  The  implementa¬ 
tion  problems  we  discussed  in  detail  Md  the  practical  solettoas  an  presented.  Among 
than  is  the  problem  of  accelerometer  dead- Mate  near  null  lapata. 
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2.  FORM  OF  A  CALIBRATION  SYSTEM  LSI  MG  STATISTICAL  FILTERING 

The  besic  configuration  of  an  inertial  component  calibration  system  is  shown  in  func¬ 
tional  form  in  Figure  1.  The  question  is,  "What  should  the  computer  program  be  that 
converts  the  measurements  to  the  desired  outputs’"  In  other  words,  given  a  set  of  noisy 
physical  measurements  and  some  knowledge  of  the  statistical  characteristics  of  the  com¬ 
ponents  invoi  ed  (e.g,,  accelerometers  on  a  gyro -st  abi  li  zed  platform),  find  the  best 
estimate  of  the  desired  output  quantities. 

"lie  maximum  amount  of  information  provided  by  the  meayrements  in  a  system  with 
unpredictable  errors  is  the  probability  density  function  ptxi  .  The  vector  x 
represents  the  state  of  the  entire  system  involved,  including  the  sensors,  the  venicle 
(or  mounting  for  the  sensors),  and  the  environment.  With  the  knowledge  of  all  past 
measurements  and  the  a  prion  assumptions  of  the  statistical  characteristics  of  the  entire 
system,  the  most  that  can  be  known  about  the  state  of  a  system  is  the  probability  that  it 
is  in  each  incremental  volume  of  possible  states,  in  most  cases  the  entire  probability 
density  function  is  not  desired.  What  is  usually  wanted  is  a  set  of  values  that  is,  in 
some  respect,  the  "best''  estimate  of  the  state  of  the  system.  This  estimate  is  symbolized 

by  x  ,  and  it  is  usually  chosen  so  as  to  minimize  the  average  of  some  function  of  the 

error  in  the  estimate  e  =  x  --  x  .  The  most  obvious  estimate,  and  one  that  minimizes  the 
mean-squared  error,  is  the  expected  or  mean  value  which  is  given  by 

rx  _  _* 

x  =  E(xlm)  =  J  xpfxjmj . mn)dx  ,  (1) 

where  pfxlirij . mn)  is  the  probability  density  function  conditioned  by  all  past 

measurements. 

The  solution  of  Equation  (1)  would  require  the  computation  of  the  entire  probability 
density  function  of  all  the  state  variables  as  a  function  of  time.  The  computation  would 
include  the  changes  in  the  density  function  due  to  the  dynamics  of  the  system  and  the 
changes  due  to  the  information  gained  by  new  measurements.  The  techniques  for  accomplish¬ 
ing  this  computation  are  not,  to  the  author’s  knowledge,  well  developed  and,  furthermore, 
would  be  impractical  for  any  computer  in  the  foreseeable  future.  However,  if  we  can 
assume  that  the  errors  in  the  estimate  can  be  represented  by  a  linear  system  excited  by 
uncorrelated  noise,  then  the  whole  process  represented  by  Equation  (1)  can  be  stated  con¬ 
cisely  by  equations  developed  by  Kalman7*8 


3.  MATHEMATICAL  DEVELOPMENT 

It  is  assumed  that  the  state  of  the  entire  system,  including  sensors,  mounting  and 
environment,  can  be  described  by  differential  equations  of  the  form 

x(t)  =  f[x(t),  c(t),  n(t),  t]  ,  (2) 

where  c  are  known  control  inputs  and  n  are  white  noises.  For  the  assumptions  to  be 
made  here,  it  can  be  shown  that  the  control  does  not  affect  the  form  of  the  optimum 
filter9*10.  Thus  the  control  variables  c  will  not  be  shown  explicitly  in  the  following 
discussion.  It  is  assumed  that  measurements  are  made  at  discrete  times  according  to  the 
relation 

“<V  =  H[x(tB),  u(tB)]  .  (3) 

where  u(tB)  are  errors  in  the  measurements  that  are  uncorrelated  between  measurements. 
(Time  correlated  errors  in  the  measurements  would  have  to  be  included  in  the  state  vector 
x. )  Assuming  that  the  optimal  estimates  are  close  enough  to  the  true  values  so  that  higher 
order  terms  may  be  neglected,  the  optimum  measurement  process  is  given  by  Kalman’s  optimum 
linear  filter.  The  derivations  of  these  equations  are  given  in  References  7,  10  and  11, 
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The  basic  equations  are 

x  =  x'  +  e'ht(he'ht  -i-  u5J  (e  -  K(x.'t)) 

E  =  E;  -  E'HT(HE'HT  +  U)*1  HE' 


at  a 

measurement 

tine 


x  =  f(x,t) 
e  =  re  +  EFT  +  N 


between 

measurements  , 


(4) 


where  the  prime  indicates  conditions  that  exist  just  before  the  measurement.  The  co- 
variance  matrix  of  errors  E  is  defined  by 

E  =  <bxbj?> 

where  "<  >”  represents  the  expected  or  mean  value,  and 

a  a 

ch<x,t) 


F  = 

dx 


dti  dh7 


H  = 


df  df7 


v  =  —  r  —  ,  N  =  —  Q—  • 

Cu  ou  on  on 

The  matrices  R  and  Q  are  defined  by 

<u(t)u(r>T>  =  RS  (t  -T) 

<n(t)n(r>T>  =  q6 (t -T)  . 

The  optimum  filter  for  a  linearized  system  in  which  the  higher  order  terms  can  be  neglec¬ 
ted  is  shown  in  diagram  form  in  Figure  2. 


4.  GYRO  UNIT  TESTING  USING  STATISTICAL  FILTERING 
4. 1  Test  Configuration 

The  test  we  will  consider  is  the  so-called  “IA  vertical”  test  in  which  the  gyro  with 
its  input  axis  vertical  is  mounted  on  a  rotary  table.  The  gyro  output  axis  is  West  and 
the  spin  reference  axis  South.  The  gyro  output  signal  is  used  to  drive  the  rotary  table 
by  means  of  amplifiers  and  motors.  The  table  rotates  about  the  vertical  according  to  the 
differential  equation 


where  a 

A 

Wv 

Wh 

b 

c 


da/dt  =  d  +  Whb  cos  (a)  +  Whc  sin  (a)  +  Wv  , 

table  angle  measured  clockwise  from  West 
gyro  drift 

vertical  component  of  earth  rate 
horizontal  component  of  earth  rate 
misalignment  about  the  output  axis 
misalignment  about  the  spin  axis 


(5) 


and  the  signs  of  b  and  c  are  by  the  user' s  convention.  Other  types  of  servo  tests  are 
possible  and  are  discussed  in  Reference  18. 
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In  a  conventional  servo  table  test,  the  tine  it  takes  for  the  table  to  move  each  one 
degree  increment  is  recorded  for  two  revolutions  of  the  table;  this  requires  about  72 
hours  of  tasting.  The  usual  data  reduction  technique  is  to  fit  a  Fourier  series  to  the 
data  and  identify  the  constant  in  the  series  as  the  gyro  drift  and  the  coefficients  of 
the  cosine  and  sine  terms  as  the  misalignment  angles.  Typically  the  autocorrelation 
function  is  also  calculated  for  the  data  and  one  attempts  to  find  an  autocorrelation 
function  for  some  process  that  fits  the  data;  e.g.  a  ramp  or  perhaps  a  random  walk19. 

The  curve  fits  are  usually  done  by  a  least -squares  method.  The  purpose  here  is  to  give 
an  alternative  approach  using  recursive  statistical  filtering,  compare  the  results  from 
both  methods  and  the  advantages  in  each,  and  suggest  some  areas  for  further  research.  A 
functional  view  of  the  optimal  calibration  system  is  shown  in  Figure  3. 

4.2  Ihe  Filter 

The  time  it  takes  the  table  to  go  each  one  degree  is  recorded  on  tape.  The  tape  is  fed 
into  a  digital  computer  which  has  programmed  into  it  the  following  filter. 


Between  each  measurement 

the 

state 

vector  is 

Integrated  according  to; 
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where  e  has  been  introduced  to  account  for  any  bias  in  the  measurement  of  table  angle. 
The  initial  condition  for  the  state  vector  integration  is  the  estimated  value  after  the 
last  measurement  incorporation. 

The  extrapolation  of  the  covariance  matrix  between  measurements  is  a  bit  harder  to 
derive.  Linearizing  the  differential  equation  for  a  we  have 

8a  =  Sd  +  Wh  cos  (a)  8b  +  Wh  sin  (a)  Sc  -  Whb  sin  (a)  ia  +  Whc  cos  (a)  8a  .  (7) 

The  measurements  of  table  angle,  denoted  by  m  ,  are  assumed  to  be  highly  accurate; 
typically,  they  are  true  to  within  a  few  arc-seconds.  Since  the  misalignment  angles  are 
small,  one  may  neglect  the  last  two  terms  in  Equation  (7)  and  the  F  matrix  in  the  co- 
variance  matrix  extrapolation, 


dE/dt  =  re  +  EFt  ,  (8) 

is  given  by  the  matrix  in  Equation  (6).  The  initial  condition  for  the  covariance  matrix 
is  the  value  after  the  last  measurement  Incorporation.  Equations  (6)  and  (8)  are  integ¬ 
rated  on  the  digital  computer  until  the  time  of  the  next  measurement  (m)  .  At  that  time 
the  equations  are  updated  according  to 

E  =  E'KfUVK  +  ra)'1 

5  =  x*  +  k(m  -  Ft') 

E  =  (I  -  EF)E'  , 

where  ra  is  the  variance  of  the  measurement  noise  and  ST  =  (1,0, 0,0,1)  .  The  integra¬ 
tion  process  (Equations  (6)  and  (8))  is  then  re-initlated. 
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4.3  Test  Results 

An  *IA  vertical"  test  was  run  on  a  gas-bearing  gyro  and  the  data  recorded  as  described. 

A  digital  computer  was  programmed  to  filter  the  information.  One  full  revolution  of  data 
in  one-degree  increments  was  processed.  The  initial  condition  for  the  state  vector  was 
zero  and  all  initial  cross-correlation  terms  were  set  zero.  The  initial  diagonal  of  the 
covariance  matrix  was:  9  x  10'8  rad2,  100  meru2,  9  x  10*8  rad2,  1  x  io*6  rad2,  and 
1  x  10' 10  rad2.  (A  meru  is  approximately  0.015  degrees/hour.)  The  r.m.  s.  measurement 
noise  was  assumed  to  1  x  10'5  rad. 

The  results  of  this  test  are  plotted  in  Figures  4,  5  and  6.  In  Figure  4  we  notice, 
first,  that  the  estimated  drift  is,  in  two  samples,  very  close  to  its  steady  state  value 
of  12.158  meru.  The  estimated  r.m.s.  error  (E2 2 )  is  also  plotted.  In  two  samples  it 
is  down  from  its  initial  value  of  10  meru  to  0.6  meru;  in  360  samples  it  is  down  to  0.003 
meru. 

In  Figure  5  the  b  estimate  is  plotted,  together  with  its  estimated  r.m.s.  uncertainty. 
Apparently  it  takes  about  half  a  revolution  before  we  have  enough  data  to  filter  this 
quantity.  The  final  m'E33)  is  0.001  mrad  as  opposed  to  its  initial  value  of  0.3  mrad. 
Similar  comments  hold  for  Figure  6.  The  final  value  of  /(E44)  is  0.0007  mrad  as  opposed 
to  its  initial  value  of  1  mrad.  The  final  angle  estimates  in  each  case  are  0.489  and 
0.743  mrad,  respectively.  Finally,  the  estimate  of  e  showed  an  insignificant  amount  of 
bias. 

44  Comparison  with  Conventional  Method 

The  same  data  presented  in  the  example  were  fitted  with  a  Fourier  series.  The  drift  and 
misalignment  angles  (12.17  meru,  0.544  mrad,  0.711  mrad)  compared  almost  perfectly  with 
those  as  determined  by  the  filter  (12.158  meru,  0.489  mrad,  0.743  mrad).  One  might  ask 
the  question,  “Why  bother  with  this  sophisticated  method  if  a  Fourier  series  works?" 

One  possible  advantage  is  that  the  data  can  be  processed  as  it  is  received.  One  might 
imagine  a  number  of  test  tables  tied  into  a  central  computer  which  would  calibrate  a  whole 
number  of  gyros  at  once  and  provide  a  best  estimate  of  each  gyro’s  current  behavior. 

Another  advantage  is  that  the  filter  generates  an  r.m.s.  uncertainty  estimate  in  the 
estimated  variables,  if  one  has  confidence  in  the  statistics  that  must  be  assumed  a  pri¬ 
ori,  then  in  an  ensemble  sense,  we  can  tell  how  good  our  test  is.  Furthermore,  another 
advantage  is  in  the  ease  with  which  additional  state  variables  can  be  included  in  this 
formulation.  We  might  like  to  try  to  add  in  a  model  for  drift  other  than  a  bias;  perhaps 
a  ramp,  an  exponentially  correlated  process,  or  a  random  walk.  These  models  are  easily 
added  to  the  filter. 

One  possible  disadvantage  may  be  found  if  we  test  a  gyro  that  has  sudden  jumps  to 
different  steady-state  levels,  in  all  likelihood,  the  filter  will  probably  take  a  long 
time  to  catch  up  to  the  actual  gyro  or  it  may  never  get  there.  This  is  the  usual  argument 
for  a  Fourier  series  expansion  of  any  discontinuous  function.  In  any  case,  the  purpose 
here  is  to  show  the  form  of  the  system  that  could  be  used  to  reduce  gyro  test  table  data, 
not  that  any  grett  improvement  is  guaranteed.  What  is  needed  is  more  research  into  this 
type  of  formulation. 


5.  METHODS  FOR  REDUCING  COMPUTATION 

Throughout  the  previous  example  it  has  been  tacitly  assumed  that  a  large  digital  com¬ 
puter  is  available  to  do  the  computation.  For  this  simple  example  five  state  variables 
were  required.  Since  the  number  of  state  variables  rapidly  increases  with  the  complexity 
of  the  problem,  engineering  solutions  will  usually  be  required,  particularly  if  the  digi¬ 
tal  computer  has  a  limited  capability.  This  is  the  case  in  an  on-board  vehicle  computer. 
Generally  there  are  two  possible  ways  to  reduce  the  computational  burden. 
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Hie  first  method  is  to  partition  the  total  filter  into  smaller  and  simpler  filters  by 
neglecting  the  cross-correlations  between  dynamically  unrelated  variables.  One  might  also 
neglect  to  Implement  minor  gains  for  particular  state  variables;  i.e.  each  state  variable 
is  updated  by  all  measurements,  even  if  the  particular  measurement  has  an  insignificant 
effect  on  that  particular  state  variable. 

The  second  method  of  simplifying  the  optimum  filter  is  through  the  use  of  pre-computed 
gains.  If  the  system  is  linear,  the  gains  at  each  measurement  are  only  functions  of  time 
and  the  a  priori  assumptions  of  the  statistics  of  the  noises  and  the  initial  state.  By 
specifying  the  measurement  schedule  or  rate,  the  gains  may  be  pre-computed  and  stored  in 
the  vehicle’s  computer.  For  a  small  number  of  measurements  this  is  a  practical  solution 
to  the  problem  of  implementing  an  optimum  filter.  For  a  large  number  of  measurements,  the 
pre-computed  gains  are  usually  smoothly  varying  with  respect  to  time  and  may  be  approx¬ 
imated  by  suitable  functions  that  give  an  almost  identical  filter  response  as  the  true 
gains.  Hie  weighting  function  box  in  Figure  3  now  contains  simple  functions  of  time. 

These  simplification  techniques  will  be  applied  to  the  pre-launch  calibration  and  align¬ 
ment  of  ar  inertial  platform  in  a  spacecraft  on  top  of  a  swaying  launch  vehicle  and  they 
are,  in  fact,  the  techniques  used  in  the  Apollo  Guidance  Navigation  and  Control  System. 
Practical  hardware  and  software  problems  that  were  involved  will  also  be  discussed  in 
detail. 


6.  PRE-LAUNCH  CALIBRATION  AND  ALIGNMENT 

6. 1  General 

The  inertial  system  to  be  calibrated  and  aligned  includes  gyroscopes  and  accelerometers. 
The  known  gravity  acceleration  is  used  to  calibrate  the  accelerometers;  the  known  vector 
rotation  of  gravity  (earth  rate)  is  used  to  calibrate  the  gyros.  The  exact  quantities  to 
be  measured  will  not  be  considered  at  this  point  in  developing  the  general  optimum  method 
of  platform  alignment  to  a  local  vertical  coordinate  system  and  measurement  of  the  South 
and  vertical  gyro  drifts.  In  this  procedure,  the  platform  is  approximately  aligned  to  the 
local  vertical  coordinates,  then  it  goes  inertial.  The  two  horizontal  accelerometer  out¬ 
puts  (South  and  East)  are  used  by  the  optimum  filter  to  generate  estimates  of  the  relevant 
quantities  by  comparing  the  measurement  of  the  rotation  of  the  gravity  vector  with  the 
known  rotation  rate. 

The  vertical  gyro  drift  is  the  most  difficult  quantity  to  measure,  since  it  causes  only 
a  third-order  effect  on  the  measured  acceleration.  Gyro  failures  can  be  closely  associated 
with  changes  in  drift  due  to  acceleration  of  gravity  along  the  input  axis,  so  the  pre-launch 
calibration  of  a  gyro  in  a  vertical  position  is  highly  desirable. 

Since  the  estimates  of  the  alignment  and  drift  variables  will  depend  on  the  measurement 
by  the  accelerometers  of  the  rotation  of  the  gravity  vector  in  the  Inertial  coordinates 
instrumented  by  the  gyros,  the  major  disturbances  are  the  accelerometer  quantization  and  the 
wind-induced  sway  of  the  launch  vehicle.  The  model  of  the  system  for  the  optimum  filter 
must  include  variables  due  to  this  sway.  The  complete  filter  must  be  simulated  on  a  digital 
computer;  it  will  be  linear,  so  that  by  specifying  the  measurement  schedule  the  optimum 
gains  may  be  pre-computed.  The  gains  will  be  approximated  by  functions  that  will  be  stored 
in  the  flight  computer.  The  method  for  using  this  simplified  filter  in  other  platform 
positions,  an  illustration  of  a  system  test  program,  and  practical  hardware  problems  will 
be  presented. 

6.2  Models 

The  launch  vehicle  bending  dynamics  in  the  North-South  and  East -Vest  directions  are 
approximated  by  identical  second -order  systems.  The  wind  causing  the  vehicle  sway  is 
assumed  to  be  exponentially  correlated,  with  a  correlation  time  of  1/A.  sec  .  The 
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correlation  function  of  the  white  noise  required  to  produce  a  mean-squared  value  of  missile 
sway  can  be  found  to  be13 


nw  =  <n(t)n(T)> 


<p;>4^£^fr4  +  -t  ^2) 

K  +  2&4, 


where  <p2>  is  the  expected  mean-squared  missile  sway,  n(t)  is  the  white  noise  genera¬ 
ting  the  exponentially  correlated  wind,  and  ^  and  i  are  the  natural  frequency  and 
damping  ratio  of  the  second -order  approximation  to  the  bending  dynamics.  The  state  vector 
for  the  sway  variables  in  the  South  direction  is 
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where  P8.v8.*8  are  the  horizontal  displacement,  velocity,  and  acceleration  in  the  North- 
South  direction;  the  model  for  the  sway  variables  in  the  East  direction  (P8. v8>*8) 
has  the  same  form.  For  the  computer  simulations  in  this  paper,  the  preceding  variables 
have  the  values  <p2>  =  100  cm2  (East  and  South)  ,  'V  =  0.  1  sec'1  ,  <^n  =  2.09  rad/sec  , 
and  4  =  0. 1  . 


Hie  orientation  of  the  platform  with  respect  to  a  local  vertical  coordinate  system 
(vertical.  South  and  East)  is  described  by  three  angles  (a ,3,y)  .  If  the  platform  axes 
(x.y.  z)  were  rotated  by  -a  ,  -3  ,  and  -y  .  the  axes  would  coincide  with  the  reference 
coordinates.  The  state  vector  equation  for  this  substate  is  given  by 
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which  has  been  assumed  to  be,  for  angle  magnitudes  of  interest,  a  valid  representation  of 
the  general  nonlinear  platform  dynamics11,  and  0*  are  the  horizontal  and  vertical 
components  of  earth  rate  at  the  test  site;  dg.d^.d^  are  the  constant  drifts  for  the 
vertical.  South  and  East  gyros;  and  t,.  ty.t,  are  the  torquing  rates  (if  any)  applied 
to  the  gyros.  It  is  assumed  that  the  torquing  rates,  the  components  or  earth  rate,  and 
the  East  gyro  drift  are  known  perfectly,  so  that  the  vector  on  the  right  represents  known 
forcing  c(t)  and  is  independent  of  the  state  of  the  system. 


Using  the  small  angle  approximations,  the  South  and  East  accelerometer  pulse  rate  out¬ 
puts  due  to  platform  orientation  in  the  gravity  field  nay  be  written  as 


->* 

• 

=  i 

KJ 

3 

»  « 

where  poa  and  po,  represent  the  total  pulse  counts  at  some  instant  of  tine  and  g  is 
the  local  gravity  (cm/sec*).  A  l-cn/sec2  pulse  accelerometer  quantization  has  been  asaumed. 


Accelerometer  pulse  rates  cannot  be  Instantaneously  measured  but  the  total  pulses  can 
be  counted  which  make  up  the  output  due  to  away  velocity  and  orientation  in  the  gravity 
field.  Inherent  in  these  measurements,  then,  are  quantization  errors.  The  neasureaents 
are 
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The  ter*  "Uj,"  represents  the  quantization  error  at  every  saapling  of  the  accelerometer 
pulse  count  registers.  Although  the  measurement  noise  is  not  normally  distributed  with 
zero  mean  (a  requirement  for  the  optimum  filter),  and  is,  in  fact,  uniformly  distributed, 
the  quantization  operation  is  assumed  a  normally  distributed  error.  This  viewpoint  does 
not  hinder  the  optimum  filter’s  estimates  of  the  alignment  and  gyro  drift  variables10*11. 
It  does  degrade  the  accuracy  of  the  sway  variables  estimates,  which  is  of  little  concern. 
Also 


<n„(t)nB(t  +  t)>  =  ra  S(t>  (13) 

The  measurements  are  assumed  to  be  made  every  second. 

The  state  vector  is  13-dimensional;  the  state  vector  differential  equation  is 

dx/dt  =  Fx  +  c  ♦  n(t)  .  (14) 

(See  Figure  7  for  x  ,  F  .  c  and  n)  . 

With  the  derivation  of  the  model  for  the  system,  the  complete  optimum  linear  filter  is 
defined.  The  accelerometer  pulse  count  registers  will  be  sampled  at  constant  rates.  The 
estimated  state  vector  is  extrapolated  between  measurements  according  to 

x'  =  c  .  (15) 

and  the  covariance  matrix  according  to 

E'  =  ♦  $  .  (16) 

where  t  and  S  are  pre- computed  constant  matrices  for  the  tine  step  between  measure¬ 
ments.  They  satisfy  the  following  differential  equations; 


dS/dt  =  FS  ♦  SFt  ♦  N  , 

8(0)  =  0  . 

(17) 

dtydt  =  F$ . 

$(0)  =  I  . 

(18) 

which  nay  be  Integrated  on  a  digital  computer  for  a  tine  step  between  measurements  of  l  sec 
(Ref.  12).  At  the  tine  of  a  measurement,  i  and  E  are  changed  according  to  Equation  (4). 
(See  Figure  7  for  H  .  0  ,  and  N. ) 

7.  FILTER  DESIGN 
7. 1  Computer  Siam 1st loss 

A  complete  nonlinear  simulation  of  the  inertial  platform  in  a  swaying  launch  vehicle  was 
made  on  a  digital  computer  in  order  to  aimulmte  real  accelerometer  outputs.  The  initial 
misalignments  were  1  degree  on  all  axes;  drifts  were  10  meru  for  the  vertical  and  South 
gyros  and  aero  for  the  East  gyro.  The  r.m  a.  sway  in  both  horlmontal  directions  was  10 
om.  The  initial  conditions  for  the  covariance  matrix  were  1  deg1  for  the  alignment  angles 
and  100  meru*  for  the  gyro  drifts.  All  initial  cross-correlation  terms  were  assumed  aero. 
The  initial  estimate  of  the  state  warn  a  aero  vector. 

The  response  of  the  filter  was  excellent  for  these  conditions.  A  number  of  runs  was 
first  made  la  which  the  matrix  U  was  varied  so  as  to  cause  good  agreement  between  the 
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r.n. s.  error  as  deterained  by  the  filter  and  the  actual  error.  The  errors  between  the 
estimates  and  the  actual  values  of  aziouth  angle,  vertical  gyro  drift  and  South  gyro  drift 
are  shown  in  Figure  8.  The  errors  reach  saall  values  for  the  three  cases  in  15.  40  and 
10  Bin  respectively.  The  errors  in  the  estiaates  of  the  two  leveling  angles  (j  and  »  are 
negligible  after  the  first  few  aeasureoents.  The  estiaates  of  the  sway  variables  are  not 
particularly  good,  hut  this  is  not  important.  These  siaulations  were  run  under  assuaed 
perfect  knowledge  of  East  gyro  drift  because  of  the  classical  result  that  East  gyro  drift 
cannot  be  identified  froa  azimuth  error.  The  fact  that  East  gyro  drift  Bust  be  known 
presents  no  problem;  as  seen  froa  Figure  8,  the  South  gyro  can  be  calibrated  in  about  10 
ainutes  and  the  error  shows  little  sensitivity  to  dz  .  This  gyro  can  then  be  placed 
East  and  a  coaplete  calibration  and  alignaent  made.  (The  question  of  other  platform  posi¬ 
tions  is  discussed  later. ) 

7.2  Design  of  the  Simplified  System 

The  gains  for  the  optimum  filter  aay  be  pre-coaputed  for  all  trials  since  the  measure¬ 
ment  times  will  be  the  saae  and  the  a  priori  assumption  tor  the  statistics  of  the  initial 
state  vector  and  noises  will  not  change.  For  the  problem  at  hand,  the  iaplementation  of 
the  gains  into  the  system  Involved,  first,  the  design  of  a  simplified  optimum  filter.  The 
gains  for  each  state  variable  depend  on  both  accelerometer  measurements  and,  in  general, 
one  gain  is  much  smaller  than  the  other  and  can  be  neglected.  In  this  problem  all  croes- 
coupling  measurement  gains  are  neglected;  e.g.,  vertical  drift  estimation  depends  pri¬ 
marily  on  the  South  accelerometer  so  the  East  accelerometer  measurement  gain  for  vertical 
drift  is  not  implemented.  Typically  the  predominant  gains  vary  as  in  Figure  9.  These 
gains  can  be  approximated  by  exponentials  and  straight-line  segments  where,  at  distinct 
Intervals,  the  tine  constants  and  slopes  are  changed  to  continually  fit  the  approximate 
gains  to  the  true  gains.  The  gains  for  the  six  smay  variables  quickly  reach  steady-state 
values  and  nay  be  approximated  by  three  constants. 

The  response  of  a  simplified  filter  is  shown  in  Figure  8.  The  process  of  design  enters 
since  it  required  a  number  of  runs  using  different  slopes  and  time  constants  to  get  a  good 
match  with  the  response  of  the  coaplete  filter.  In  fact,  in  the  end.  the  sane  exponential 
gains  were  used  for  both  po§  and  pof  ;  the  same  exponential  gains  were  used  for  3  and 
>  .  The  total  pre-computed  constants  were  3  sway  variable  gains,  2  initial  conditions  for 
exponentials,  and  seta  of  the  following  5  numbers  which  are  changed  at  10  discrete  times; 

2  time  constants  for  exponentials  (po,  and  and  3  slopes  for  straight-line  segments 

(a.dj.d,)  . 

7.3  Impleawntatioa 

A  alight  variation  of  this  simplified  filter  was  implemented  in  the  Apollo  Outdance 
Navigation  and  Control  system.  Part  of  the  program  was  concerned  with  initialisation  for 
platform  positions  other  than  the  one  considered  here.  The  optimum  filter,  once  imple¬ 
mented,  does  not  change  for  other  platform  positions;  the  measurements  that  the  filter  gets 
are  made  to  simulate  the  standard  platform  configuration.  For  example,  if  the  platform 
axes  were  vertical.  North  and  East,  and  if  the  sign  of  the  Itertb  accelerometer  output  were 
changed  to  simulate  a  South  accelerometer,  the  filter  output  for  the  variables  in  the  North 
direction  need  only  be  interpreted  aa  negative  of  their  true  values.  Similarly,  for  some 
platform  positions  it  is  necessary  to  resolve  the  measurements  to  simulate  South  and  East 
accelerometers. 

For  some  applications,  it  nay  be  desirable  to  torque  the  South  gyro  at  negative  horizontal 
earth  rate.  The  fora  of  the  filter  and  the  filter  gains  do  not  change  because  perfect 
torquing  is  assuaed;  just  add  negative  boritootal  earth  rate  to  the  extrapolation  of  the 
angle  *3  .  It  has  also  been  found  convenient  to  extrapolate  the  alignment  angles  according 
to  simple  first  order  (a  =  a  ♦  adt,  etc.).  The  sway  variables  are  extrapolated  according  to 
•  W  transition  matrix  whose  elements  can  be  changed  to  compensate  for  variations  in  launch 
vehicle  parameters. 
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face  the  optimum  filter  has  been  iaplesented  according  to  the  staple  aethod  outlined. 

It  can  be  readily  adapted  to  various  probleas  of  alignment  and  calibration.  For  exaaple, 
consider  the  following  system  test  procedure  In  which  the  platfora  axes  are  Identified 
as  x,y,z:  (1)  run  a  10-aln  test  with  x  up,  y  South,  z  East  to  deteraine  y  gyro 
bias  drift;  (2)  at  10  aln  read  out  y  drift  and  use  the  angle  estiaates  to  align  the 
platfora;  continue  to  torque  the  platfora  at  earth  rate  for  90  sec  while  counting  pulses 
froa  the  x  acceleroaeter  (vertical);  (3)  orient  the  platfora  to  x  down,  y  East, 
z  South  and  run  a  10  aln  test  to  deteraine  z  bias  drift;  (4)  use  the  angle  estiaates 
at  10  aln  to  align  the  platfora  and  then  torque  for  90  sec  at  earth  rate  while  counting 
x  acceleroaeter  pulses;  and  (5)  torque  the  South  gyro  at  horizontal  earth  rate  for  45 
aln  rare  while  deteraining  vertical  drift  (x  gyro).  The  y  bias  as  deterained  in  (1) 
is  dz  for  this  run. 

This  procedure  takes  about  68  aln,  after  which  enough  information  is  available  to 
deteraine  y  gyro  bias  drift,  z  gyro  bias,  the  sua  of  x  gyro  bias  and  acceleration 
sensitive  drift,  and  x  acceleroaeter  bias  and  scale  factor,  fae  can  readily  iaagine 
how  an  autoaated  systea  test  procedure  can  be  set  up  to  coapletely  calibrate  the  systea 
in  the  swaying  spacecraft.  The  last  step  in  the  prograa  would  be  an  align  went  run  to 
ready  the  systea  for  lainch.  fad  through  all  of  this,  the  basic  siaplified  optiaua  filter 
does  not  change. 

7.4  Hardware  Probleas 

The  priaary  source  of  aziauth  error  is  the  uncertainty  in  East  gyro  drift  which  coaes 
about  froa  errors  in  the  calibration  of  the  gyro;  the  priaary  source  of  vertical  drift 
error  is  due  to  variations  in  the  East  gyro  drift  during  a  tent.  If  the  East  gyro  has  a 
large  drift  due  to  acceleration  along  its  input  axis,  then  it  la  desirable  to  keep  the 
input  axis  almost  horizontal  during  the  test  by  torqulng  the  South  gyro  at  negative  earth 
rate  to  ainlaiae  the  variations  in  East  gyro  drift.  Unfortunately,  if  the  bias  of  the 
South  gyro  changes  when  it  la  torqued.  then  the  South  gyro  calibration  will  yield  two 
answers,  corresponding  to  the  torqued  and  untorqued  cases,  respectively.  (Torqulng  was 
done  in  the  systea  test  prograa.) 

Another  possible  problem  area  appears  when  using  pulsed  integrating  accelerometers. 

If  either  horizontal  acceleroaeter  has  a  large  dead-sone  for  near  aero  inputs,  large 
transients  in  the  filter  output  will  appear.  The  fora  of  the  transients  will  vary, 
depending  on  the  tlae  during  the  teat  that  the  acceleroaeter  goes  through  the  dead-zone. 
Vertical  drift  estimation  is  particularly  sensitive  to  a  dead-zooe  In  the  South  accelero¬ 
aeter.  In  aoae  cases  a  transient  on  the  order  of  800  aeru  has  been  observed;  the  filter 
never  readied  the  correct  value  of  drift  at  the  end  of  45  minutes  because  the  vertical 
drift  gain  is  saall  at  the  end  of  the  test.  Aa  a  practical  solution  to  the  problea.  the 
platfora  is  deliberately  offset  (between  steps  (4)  and  (5)  la  the  systaa  test  prograa)  froa 
the  vertical  before  beginning  a  vertical  drift  teat  ao  that  the  acceleroaeter  never  goes 
through  null.  Thin  problea  la  indicative  of  the  strange  results  that  can  occur  when  the 
acdel  for  the  systea  is  incorrect.  Philosophically,  we  have  designed  a  total  systea  teat 
and  *s  such  it  should  indicate  in  aoae  aanner  out-of-specification  conditions  which  would 
then  require  lower  level  testing,  lbs  nodal  aust  therefore  include  all  le-spec  conditions 
and  the  designer's  experience  aust  be  used  to  recognise  out-of-spec  situations. 

7.8  Laboratory  Teat  hesslts 

As  part  of  the  filter  iapleaeatatloo  verification,  the  Apollo  inertial  platfora  was 
suapandsd  by  a  cable  froa  the  laboratory  celling.  The  platfora  was  pushed  to  siaulate 
spacecraft  notion  on  the  launch  pad.  Comparisons  with'  independent  aeasureaent  techniques 
verified  the  prograa  accuracy  to  within  the  liaits  of  the  gyro  performance. 
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8.  CONCLUSION 

The  possibility  exists  for  significant  reduction  in  the  errors  in  calibration  systems 
by  using  ststisticsl  estimation  techniques  that  sake  the  aoat  efficient  use  of  all  avail 
able  lnfornatloe.  It  also  appears  likely  that  suitable  amplifications  can  be  aade  to 
adapt  these  techniques  to  practical  computers,  as  ms  illustrated  eitb  two  examples. 
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Pig. 7  Filter  matrices  and  vectors 
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EULER  ANGLE  STRAPPED-DOWN  COMPUTER 
Alan  van  Bronkhorst 


Navigation  -  it’s  a  magic  word,  the  key  to  travel  and  adventure.  We  covet  and  ponder 
with  awe  the  innate  navigation  ability  of  other  species  of  living  things.  A  pigeon, 
released  at  a  strange  location,  climbs  swiftly,  circles,  and  with  wings  flashing  white 
and  grey,  sets  his  course  for  home.  lacking  instinct,  we  are  forced  to  rely  on  our 
intellect  for  navigation.  With  what  results?  First,  we  are  often  lost,  and  second,  we 
have  come  to  set  great  store  by  development  of  electromechanical  'black  boxes”  which  per¬ 
form  navigation  for  us. 

This  second  result  is  particularly  true  if  the  "black  boxes”  meet  military  specifica¬ 
tions:  smaller  size,  lorer  cost,  improved  performance,  and  better  reliability  than 
currently  available  equipment.  The  present  flurry  of  activity  in  development  of  inertial 
strapped-down  systems  is  engendered  by  the  hope  of  achieving  at  least  the  first  two  of 
these  four  goals  (which  is  not  a  bad  average)  and  is  promoted  by  the  emerging  availability 
of  the  necessary  high-speed  computers. 

A  particular  type  of  whole -number  high-speed  computer,  solving  a  three-parameter  Euler 
angle  transformation,  has  been  investigated  as  a  component  of  a  strapped-down  mid-course 
inertial  guidance  system  for  a  short  range  missile.  This  paper  presentc  the  results  of 
this  investigation. 

What  are  the  inherent  advantages  of  a  whole-number  digital  computer  for  a  strapped- 
down  inertial  system? 

Any  strapped-down  inertial  system  computer  must,  at  the  very  least,  convert  the  outputs 
of  orthogonal  body-fixed  accelerometers  into  velocity  vectors  in  some  navigation  coordin¬ 
ate  system.  Typically,  an  incremental  computer  (DDA)  performs  this  conversion  with  a 
3x3  direction  cosine  matrix  that  it  generates  from  outputs  of  orthogonal  body-fixed  rate 
gyros.  This  type  of  strapped-down  inertial  measurement  unit  has  been  previously  investi¬ 
gated  and  reported  in  detail  by  others1"1.  The  literature  abounds  with  computer  algorithm 
optimization  studies.  A  total  guidance  system,  however,  needs  not  just  an  inertial 
measurement  unit  but  additional  computer  functions  as  well.  These  functions  must  include 
solution  of  the  navigation  and  guidance  equations  and,  preferably,  such  niceties  as  sensor 
corrections,  system  self-chcck,  auxiliary  guidance  system  integration  and  even  gain  and 
frequency  compensation  of  control  system  commands.  Using  a  strapped-down  inertial 
measurement  unit  (IMU)  with  outputs  from  an  incremental  computer,  the  guidance  system 
design  has  two  alternatives: 

(1)  Expand  the  DDA  to  perform  the  total  system  requirements,  or 

(il)  Supplement  the  DDA  conversion  computer  with  a  separate  whole-number  guidance 
computer. 

Neither  of  these  solutions  is  very  attractive  on  an  overall  system  basis. 

J.C.lllcox,  of  TRW  Systems,  in  a  recent  paper*,  writes 

"The  incremental  computer  is  subject  to  the  constraint  that  the  computation  rate 
must  be  greater  than  or  equal  to  the  maximum  input  rate  divided  by  the  quantum 
else.  In  order  to  maintain  adequate  resolution,  all  calculations  must  proceed 
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at  the  same  high  rate.  The  addition  of  new  calculations  exacts  penalties  in  both 
computer  speed  and  storage  requirements.  This  constraint  does  not  apply  to  the 
whole  number  computer. 

In  the  whole  number  computer,  the  penalty  for  additional  calculations  may  be 
only  in  computer  storage' requirements,  ...” 

A  more  flexible  strapped-down  guidance  system,  then,  is  an  inertial  sensor  package 
(gyros  and  accelerometers)  combined  with  a  single  whole-number  computer  which  can  perform 
both  coordinate  conversion  and  the  navigation/guidance  functions  simultaneously.  This 
flexibility  results  from  decreased  costs  and  simplified  interface  with  related  subsystems. 

Although  a  whole-number  computer  can  be  programmed  to  solve  the  direction  cosine 
strapped-down  transformation,  this  study  investigated  a  three -parameter  Euler  angle  trans¬ 
formation  technique.  The  equations  are  derived  by  simply  relating  gimbal  angle  rates  to 
body -axis  rates  by  transformation  through  the  equivalent  gimbal  angles.  Equation  (l) 
represents  a  conventionally  gimballed  three -axis  platform. 
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where  p,q,r  are  body  axis  rates  and  [p) ,  [t<]  are  rotational  matrices  of  roll  and  pitch 
angles. 

These  equations  are  transformed  to 

P  -  -r  sin  P  +  q  cos  P 

P  -  (r  cos  P  +  q  sin  P)  sec  b  (2) 

P  -  p  +  p  sin  b 

and,  finally,  velocities  are  transformed  from  body-axes  to  inertial  coordinates  by  sequen¬ 
tial  rotation  th-ough  the  three  generated  angles: 
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The  masons  for  investigating  this  type  of  transformation  are: 


(3) 


(i)  Lear  Siegler  Inc.,  has  developed  previously  -  for  other  navigation  systems  -  a 
whole-number,  vector  computer4*7.  The  vector  computer  has  an  arithmetic  unit 
which  is  organized  for  rapid  shift  and  add  processing  of  vector  operations  such 
as  rotation  and  resolution.  This  type  of  computer  Is  ideally  suited  for  the 
straightforward  Euler  angle  coordinate  conversion  process. 

(ii)  The  transformation,  by  its  nature,  is  always  essentially  orthonormal  and  provides 
simplified  updating  for  integrated  navigation  systems  applications. 

(ill)  Attitude  outputs  are  directly  available  for  vehicle  control/display,  trajectory 
shaping,  system  initialization  and  sensor  compensations. 

Is  this  transformation  technique  usable?  In  spite  of  the  claims  we  have  made,  the  answer, 
of  course,  depends  on  the  cost  of  the  computer  to  achieve  adequate  performance.  Kc  now 
examine  the  errors  as  they  affect  computer  software. 
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The  errors  of  strapped-down  system  computers  come  from  inaccurate  processing  of  the 
outputs  of  the  inertial  sensors.  These  errors  accrue  both  in  generating  the  transforma¬ 
tion  matrix  and  in  applying  the  transformation  to  the  measured  velocity  vectors.  We  may 
classify  these  errors  as  orthogonality  errors,  angularity  errors,  and  normality  errors. 

By  analogy  with  gimbal  coordinate  converter  resolvers  (whose  function  the  conversion 
matrix  duplicates)  these  errors  are  inter-axis  errors,  gimbal  drift  errors,  and  trans¬ 
formation  ratio  errors,  respectively. 

Clearly  the  inter-axis,  or  orthogonality,  errors  of  the  matrix  are  zero.  This  results 
because  we  are  generating  and  computing  with  the  angles  directly,  and  not  their  direction 
cosines.  We  are  concerned  then  only  with  velocity  vector  angle  (or  direction)  transforma¬ 
tion  errors  which  are  the  result  of  gimbal  drift,  and  with  velocity  vector  magnitude 
transformation  errors  which  arise,  even  though  the  transformation  matrix  itself  is  nearly 
normal,  from  other  computational  processes. 

The  sources  of  these  errors,  as  in  any  strapped-down  system,  are  quantization,  commu¬ 
tation,  truncation,  round-off,  and  conversion.  The  order  of  listing  here  is  not  signifi¬ 
cant  except  as  an  index  for  the  following  discussion. 

Quantization,  rr  sensor  storage  error,  results  from  the  process  of  converting  analog 
quantities  measured  by  the  sensors  to  discrete  angle  and  velocity  input  increments  to  the 
computer.  Because  the  computer  is  synchronous,  it  accepts  input  pulses  for  operations 
only  at  the  start  of  each  iteration  cycle.  As  a  result,  it  is  frequently  operating  on 
information  that  lags  the  true  sensor  output.  For  example,  consider  a  gyro  with  an  output 
increment  pulse  size  of  0.03  degrees,  an  input  rate  of  20  degrees  per  second  and  supplying 
a  computer  with  an  iteration  time  of  one  millisecond.  Table  I  shows  the  quantization 
error. 


From  this  table  we  can  guess  that  the  average  quantization  error  is  on  the  order  of 
one-half  the  increment  size,  h  .  Why  not  just  make  h  very  small?  Well,  h  is  the 
maximum  input  (angular  rate  of  linear  acceleration)  divided  by  the  maximum  pulse  repetition 
frequency  (PRF)  of  the  analog-to-digital  converter.  Hie  guidance  system  designer  can  do 
little  about  the  maximum  inputs  of  the  vehicle  dynamics  except  complain  to  the  project 
aerodynamicist,  who  probably  couldn’t  care  less.  And  in  increasing  the  PRF  we  soon  start 
paying  for  decreasing  quantization  errors  with  increasing  non-linearity  errors  which  result 
from  the  A/D  conversion  process,  and  increasing  input  hardware  requirements.  For  this  sys¬ 
tem,  synthesized  for  mid-course  guidance  of  a  short  range  missile,  the  inputs  are  body-axis 
rates  of  300  degrees  per  second,  and  linear  accelerations  of  20  g.  Our  error  crossover 
point,  determined  empirically,  is  at  PRF  ^  10  kpps.  This  results  in  inputs  of  approx¬ 
imately  0.03  degrees  per  pulse  or  0.06  feet  per  second  per  pulse.  The  precise  values  are 
set  by  different  criteria,  as  shown  later. 


The  second  definable  source  of  errors  is  in  commutation.  Commutation  errors  are  both 
angle  and  velocity.  The  former  come  principally  from  the  non -commutative  properties  of 
angular  increments  under  vector  operations.  The  error  limits  may  be  established  quite 
simply.  The  difference  equations  in  the  solution  sequence  are: 


1.  (Ity,  =  (-rAt)  sin  ♦  (q&)  cos  { 
~  rN-  1  +  Si 


'VN  -  (nit)  cos  ♦  (qAt) 

'N  r  *N-I  +  Si 


'l 


N. 


2. 


sin  ,/  cos  eN 


(4) 


256 


3.  A^,  =  (pAt)  +  A sin  &K 

=  A-i  +A<^  • 

Assume  an  input  rate  u>  +  Tp  +  j*q  +  kr  ,  where 
For  Iteration  1,  w,  =  u>  . 

For  Iteration  2,  w2  =  - «  , 

Let 

pAt  =  qAt  =  rAt 

1  =  ^N- 1  ^-l 

If  we  turn  the  crank  through  two  iterations,  using  these  inputs, 

^N+i  r'  ^+1  =  ‘/'h+i  =  0°  i  conmmtation  errors. 

These  errors  turn  out  to  be  on  the  order  of  AojJ/2  per  iteration.  Please  observe  thet 
this  error  results  from  angular  vibration  inputs  about  axes  which  are  not  coincident  with 
the  principal  body-axes.  Although  similar  in  form,  it  should  not  be  confused  with  1:1 
limit  cycle  error  which  is  frequently  analyzed  in  the  DDA/direction  cosine  literature.  A 
1:1  limit  cycle  error  is  a  truncation,  or  computation,  error  which  results  from  angular 
vibration  inputs  about  any  axis  because  the  incremental  computer  mechanizes  only  an  approx¬ 
imation  to  the  true  direction  cosine  equation  solution. 

Velocity/angle  commutation  error  results  because,  although  the  angles  are  constantly 
changing  during  an  iteration  period  in  which  a  velocity  increment  is  measured,  this  entire 
velocity  increment  is  converted  through  the  final  value  angle  only. 

The  procedure  for  each  iteration  period  is: 


(4) ' 


p  =  q  =  r 


-  Aw 


=  0° 


1.  Measure  angle  and  velocity  increments 

2.  Update  the  angl*  values. 

3.  Use  these  updated  angles  to  transform  the  measured  velocity  increments. 


For  example,  the  transformation  matrix  is 


op  ct»  Cp  - 

bP  ay 

ap  ct  cp  *  aP  ap 

-at'  sy 

-c P  c f  sy.  - 

*P  cy 

•mp  ct>  ap  opcp 

at  ay 

c 0  pA 

-Bp  Stf 

ct 

(5) 


where  s  and  c  are  the  sine  and  cosine  of  the  respective  Euler  angles. 

Assume  that  Pc  =  ~  w0  =  0  and  p, q,r  .  are  constants  such  that,  after  one  iteration, 

P  ~  c  =  y  -  Aw  ,  where  Aw  is  a  small  angle  so  that  cAw  1  10  and  sAw  =  Aw  .  Now  if 

Ax,  Ay,Az,  .  are  increments  of  velocity  accumulated  during  the  first  iteration  period,  then 


*lquatioo  (4)  la  sli£tly  time-skewed  to  conserve  computer  memory 
Solution  with  1  instead  of  ^  has  mo  appreciable  effect  an  accuracy 
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ix, 

1-Aa  ? 

2  Aa. 

-A  a 

AXi 

S. 

= 

-2  Ac, 

1-Aw2 

7ZZ2 

A 

(6) 

1 

Aa 

-lZ2 

i 

A. 

b.  A. 

and  if  p  q  r  ,  are  approximately  -p,,-q,,-r  ,  such  that,  after  the  second  iteration, 

Pt  -  f2  -  =  0  ,  and  if  Ax2.AY2,AZ2  =  -Ax,.  -Ay,,  -AZ,  then 


ETK 

NX 

_ i 

A 

A 

A 

=  Li] 

A 

-  Li] 

A 

A. 

i 

A. 

b.  a. 

-Sz. 

u  ^ 

AX, 

+  AX2 

=  -Aw  (2 Ay,  -  AZ,) 

_1_ 

. 

J. 

AY, 

♦  uY2 

=  2 Aw  (AX,) 

A 

+  Az2 

=  Ac  AX,  . 

can 

be  o.i 

the  order  of  i  Aw  Ex 

(8) 


error  will  decrease  with  increasing  computer  iteration  rates.  Frank  B.Hills  has  a 
detailed  discussion  of  velocity  angle  commutation  errors  in  Reference  3. 


Truncation  errors,  the  thi.d  source  on  our  classification  list,  result  primarily  from 
digital  summation  of  incremental  quantities  rather  than  true  integration.  For  evaluation 
of  the  maximum  bound  of  angle  truncation  errors,  we  expand  Equation  2(a).  as  typical,  in  a 
Taylor  series, 

fiV)  A  •'  -r  sin  A  ♦  q  cos  :  .  (91 

»  *  *  •  * 

then  f  (.')  -  -r  sin  A  •  qA  sin  A  ♦  q  cos  A  -  rA  cos  A  (1C) 

and.  assuming  constant  body  rates  for  one  iteration  period. 

f'(.‘l  -  -qA  sin  *  •  rA  co«  A  rA  (maximum)  .  (11) 

The  simplest  type  of  digital  integration  is  rectangular,  or  first-order.  Fbr  this  method, 
the  error  per  iteration  is 


Ex',  =  (rAt)(Xat  )(«.*) 


i 


truncation  errors  nay  oe  reduced  by  either  increasing  computer  iteration  rates  or  by 
increasing  computer  function.)  and,  unavoidably,  computer  hardware  to  obtain  derivatives 
and  implement  higher  order  integration.  For  example,  for  aecand-order  integration,  the 
errors  per  iteration  become. 


Ex 


% 


2 


There  is.  of  course,  a  velocity  truncation  error  also,  but  this  error  is  the  same  for 
either  strapped-down  or  gimbaled  inertial  systems  and  will  not  be  considered  in  this  paper 
Truncation  errors  for  various  digital  computer  algorithms  for  updating  the  direction 
cosine  transformation  matrix  are  discussed  by  t.F.Bsll7.  (Also  see  References  1.  3  and  4) 
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Round-off,  or  resolution,  errors  are  the  result  of  the  finiteness  of  digital  represen¬ 
tation  of  quantities  that  are  generated  during  the  coaputation  processes.  Any  nuaber  in 
the  coaputer  a  ay  be  represented  only  within  1  £  LSB  (least  significant  bit),  and  these 
errors  aay  accumulate  with  large  nuabers  of  coaputatious.  The  obvious  way  to  keep  round¬ 
off  errors  insignificant  is  to  increase  word  lengths.  But  long  word  lengths  require  wore 
coaputer  hardware  and  decrease  coaputer  iteration  rates  which,  sadly,  increases  the  trun¬ 
cation  and  coaautation  errors.  A  compromise  solution  is  to  increase  word  lengths  for  only 
certain  especially  sensitive  coaputations,  such  as  DIVIDE,  by  float  operations.  Round-off 
is  also  precisely  and  iaportantly  controlled  at  the  input  by  aaking  each  Increment  pulse 
an  integral  nuaber  of  LSB’ s.  It  is  this  constraint  that  accurately  specifies  pulse  size, 
and  simultaneously  provides  a  convenient  aethod  of  coapensating  for  sensor  errors. 

Finally,  conversion  error  is  siaply  the  effect,  or  error,  in  computing  the  inertial 
velocity  vector  as  a  function  of  the  errors  in  the  transformation  aatrix. 


Consider  velocity  vector  increments  under  a  single  rotational  transformation. 


1  0  0 

& 

. 

■ 

Ay 

=  Ci  ±  s] 

0  c(J '‘tip)  S(£  t  tp) 

Ay 

■ 

Az 

i 

0  -HP  i  iP)  c  (P  t  ep) 

A* 

(12) 


where  $  is  the  transformation  ratio  error  resulting  from  round-off,  and  tp  is  the 
angularity  error  resulting  from  quantization,  angle  commutation,  and  truncation.  Expand¬ 
ing  the  sine,  cosine  terms  and  substituting,  it  aay  be  shown  that  the  errors  are  on  the 
order  of 

T»  1  (i  i  t£)Ai 

per  rotation.  If  the  principal  angle  errors  are  independent,  then 

T*  -  ((!)(«  1 

for  each  transformation,  since  each  velocity  increment  is  rotated  only  through  two  angles. 

The  conclusion  cf  this  simple  error  study  is  identical  with  the  results  of  the  most 
elegant  analysis:  the  output  errors  of  any  strapped-down  system  computer  are  a  function 
of  both  its  sophistication  and  the  input  information  which  it  must  process,  And  for  inputs 
which  approach  realism,  mathematical  error  modeling  becomes  impossible. 

Simulation  la  a  sophisticated  and  essential  tool  for  computer  synthesis.  For  aay  inputs, 
mord  lengths,  algorithms,  iteration  rates,  and  quantization  levels  may  be  traded  to  obtain 
the  required  performance  nt  ainirun  cost.  Ibe  simulation  technique  block  diagram  is  shown 
In  Figurw  1.  The  reference  solution  processed  the  Input  data  without  quantization,  at  an 
Iteration  rate  of  2000  times  per  second  using  Ruawe-Kutta  fourth-order  integration  schemes 
•ad  double  precisian  94-bit  word  length  for  all  calculations.  The  vector  computer  simu¬ 
lation  forced  our  IW-390  machine  to  calculate  eitb  special  vector  algorithms  using  a 
two’a-coaplemcnt  binary  number  system. 

For  computer  synthesis,  simple  inputs  are  of  little  value.  Principally  they  are 
esteemed  by  those  who  appreciate  the  esthetics  of  verifying  empirically  the  error  anal  vs  is 
for  simple  ioputs.  In  fact.  F. R.Hills*  states 

“Oosiputer  simulation  tests  in  which  the  attitude  changes  are  rotation  about  one  axis, 
vibrations  about  cne  axis,  or  constant  rotations  about  three  axes  should  show  good 
rwsults,  for  those  are  rotations  for  which  the  components  of  w  are  proportional. 

which  the  algorithms  assume . Exclusive  use  of  these  tests  cam  yield  misleading 

rwaulta  concerning  the  necessary  data  process  lag  rates.** 
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P-vi  realistic  inputs  to  synthesize  a  stripped-down  inertial  guidance  computer  for  a 
typical  Missile,  we  used  the  dynaaics  of  a  typical  Missile  which  was  siaulated  by  the 
Martin  Cowpany,  Orlando,  Florida.  Two  trajectories  of  an  air-to-suiface  Missile,  fired 
at  targets  25  nautical  Miles  behind  and  50  nautical  Miles  ahead  of  the  launch  vehicle, 
were  supplied.  Ibis  information  was  in  the  forn  of  computer  print -out  showing  tiae,  body* 
Hi*  angular  rates  and  angular  accelerations,  and  linear  accelerations  and  position  in  an 
inertial  coordinate  systea. 

The  data  start  at  tiae  of  booster  ignition,  t  *  •  j  o  seconds,  where  L  is  launch 
tiae.  For  the  first  1.0  seconds  of  flight,  we  syn’iieaized  an  initial  trajectory  froa  the 
following  parameters 

(a>  The  aissile  is  launched  by  firing  downward  with  an  impulse  of  12.5  g  for  50  aaec. 
Forward  velocity  is  almost  constant  at  0.5  Mich  and  vertical  velocity  at  t  =  L  e 
1.0  is  20  ft/sec. 

(b) L  (  t  U  *  1.0  seconds  the  aissile  roll  stabilizes.  The  roil  stabilization  systea 
is  first-order.  Maxima  roll  amplitude  aay  be  up  to  90  degrees,  and  Maximus*  roll 
rate  is  300  degrees  per  second. 

(c)  Taw  and  pitch  oscillation  occurs  during  the  first  second  at  t  io  degrees  amplitude, 
approximately  0  5  Hz.  f  ~  -5lJ  =  30  degrees  per  second. 

(d)  First  body-bending  frequency  is  approxiaately  40  Hz  across  the  longitudinal  axia. 
However,  this  irvzm&cv  js  not  excited  until  after  booater  ignition,  at  t  =  L  ♦ 

1 . 0  seconds 

<e)  the  angular  velocities  of  the  body-axe*  at  t  =  L  ♦  1.0  are  p  .  r  =  aero  ,  q  ~  -io 
degrees  per  second. 

Under  “worst  case"  assumptions,  the  analytic  fora  of  body-axir  rate  inputs  for  the 
launch  phase  which  aatisfied  three  constraints  and  boundary  values  aay  be  determined. 

*  -  A  cos  Wjt  -  r?  2>  cos  "t  ♦  rt/2 

*  -  A  atn  Wjt  -  0  173  am  3t  (13) 

f;  -  A  cos  (Wjt  ♦  <“. «)  •  »  |75  cos  (3t  ***'•>  . 

These  values  of  ..:.x  for  L  M  (  1  0  seconds  are  shown  in  Figure  2.  Straightforward 
substitution  of  the  values  in  the  Euler  rate  equation*  provide  the  analytic  expressions 
for  p.q.  and  r  .  ti.e  body-axis  angular  rate  Inputs. 

After  booater  ignition  «L  -  l  0)  a  ront  Inuous  time  function  of  the  aissile  body-axis 
rate*  was  obtained  from  the  trajectory  simulation  provided  as  disetete  print -outs  by  the 
Martin  Company  This  function  aw*  generated  b,-  “etching  a  fifth-order  polynomial  through 
three  successive  discrete  printed  points  for  each  of  the  body -axis  angular  rates  Simul¬ 
taneously  the  derivative  of  this  polynomial  was  matched  through  three,  tie*  corresponding, 
successive  discrete  printed  point*  fer  each  of  the  three  body-axis  angular  accelerations. 
The  solution  of  these  polynomials  as  functions  of  time  provide  tody-axis  rate  Inputs  to 
the  simulated  computer.  A  similar  technique  generated  an  an*i*:ir  velocity  input.  These 
inputs,  for  the  first  ftfteea  second*  of  flight,  are  ahown  in  Figures  3  and  4.  The  inputs 
were  terminated  after  13  seconds,  the  end  of  boost  phase,  to  save  simulation  time  and 
becaaae.  after  this  tin*,  the  angular  rates  and  linear  accelerations  are  both  very  reduced 
fro*  the  initial  flight  phase. 

•  ith  a  fixed  quantization  level  <ur  trade  parameters  are  word  length,  iteration  rate, 
and  integration  algorithm.  Figures  3  and  C  stow  the  effect  of  word  length  on  transforma¬ 
tion  accuracy  for  the  launch  phase  ieput.  The  iteration  rate  here  was  arbitrarily  picked 
at  I  Billisecond.  For  this  input  20-bit  word*  are  shortest  which  do  not  show  round-off 
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error  degradation.  In  these  figures  the  errors  shown  are  within  the  expected  quantization 
level  error.  In  the  launch  phase  velocity  errors  are  negligible  because  of  the  short 
acceleration  input  time.  Figures  7  and  8  show  the  effect  of  iteration  rate  on  transforma¬ 
tion  accuracy  for  the  launch  phase  input. 

Apparently  there  is  no  degradation  of  angle  computation  even  at  rates  as  low  as  four 
milliseconds.  However,  although  not  shown  here,  there  is  an  increase  in  angle/velocity 
commutation  error  at  low  solution  rates.  We  chose  one  millisecond  because,  for  this  com¬ 
puter.  high  solution  rates  were  not  as  expensive  as  long  word  lengths. 

A  second-order  trapezoidal  integration  scheme  was  also  tried  using  one  millisecond 
iteration  rates  and  20-bit  word  lengths.  Any  accuracy  improvement  was  masked  by  the  quan¬ 
tization  errors.  This  agrees  with  a  prediction  by  T.F. Wiener1  that  an  overall  improvement 
may  not  result  from  implementing  higher  order  integration  because  of  the  magnitude  of 
errors  from  other  sources. 


Because  the  launch  phase,  though  very  severe  in  dynamics,  was  too  short  to  observe  any 
error  growth  rates,  we  provided  a  moderate  missile  maneuver  of  10  degrees  per  second  turn 
rate,  5  degrees  per  second  pitch,  and  a  superimposed  roll  oscillation.  This  is  a  three- 
axis  rate  input  that  varies  with  time  in  both  magnitude  and  direction  and  should  show 
error  which  builds  from  commutation  and  truncation.  Figure  9  shows  this  input  and  the 
transformation  error  matrix.  There  appears  a  small  bias  error  in  -p  from  an  unknown 
source,  but  error  growth  rates  are  small  compared  to  the  quantization  level  scatter. 

The  final  test  of  our  synthesized  computer  are  the  simulated  missile  flight  trajectories. 
Angle  and  position  errors  os  a  function  of  time  are  shown  in  Figures  10  and  11.  The  errors 
at  the  end  of  boost  phase,  extrapolated  to  impact,  give  miss  distances  of  30  and  100  feet 
cep.  This  will  not  significantly  increase  the  overall  missile  guidance  system  design 
accuracy . 


By  this  time  some  sharpshooter  in  the  back  row  is  impatient  to  ask  about  gimbal  lock. 
Our  equivalent  of  a  three-axis  gimbal  set  does  not  have  the  mechanical  gimbal  problem  of 
providing  unlimited  torques  at  high  pitch  angles,  but  computational  accuracy  is  trouble¬ 
some.  In  Equation  (2)  we  are  forced  to  divide  by  zero  as  b  approaches  90  degrees:  a 
singularity,  in  the  mathematical  idiom.  Two  general  techniques  for  avoiding  this  singu¬ 
larity,  are  a  pseudo-four- axes  gimbal  set  or  a  gimbal  shifting  scheme. 


The  rate  equations  for  an  equivalent  four- axes  set  are 

' 

-  k2  sin  b  +  (p  -  $>0)  cos  b 
V  -  [kj  cos  &  -  (p  -  2>0)  sin  b]/  cos  ^  * 

b  -  kx  -  p  sin  , 


where 


P  =  azimuth  gimbal  angle 
^  -  inner  roll  gimbal  angle 
b  -  pitch  gimbal  angle 
0O  =  outer  roll  gimbal 
kj  =  q  cos  £0  -  r  sin  4>0 
kj  =  q  sin  4>0  +  r  cos  . 


(14) 


This  is  a  set  of  three  equations  with  four  variables  and,  furthermore,  we  have  not  elim¬ 
inated  our  chance  to  divide  by  zero.  What  we  need  is  a  restraint  equation  relating 
j>0  to  4>±  ,  such  that  cos  ^  >  0  . 
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It  is  possible  to  convert  inner  roll  gimbal  rates  to  the  outer  roll  axis  and  implement 
ail  effective  outer  roll  rate  servo  to  null  inner  roll  axis  rates.  This  requires  more 
computations  in  the  actual  transformation  matrix  and  hence  will  reduce  accuracy. 

A  simple  method  of  extending  the  attitude  capability  is  to  let  4>0  =  p  .  Since  p  is 
body-axis  roil  rate,  this  should  insure  that  4>0  is  normally  large  with  respect  to  <£j  . 
The  exact  ratio,  of  course,  is  a  function  of  vehicle  flight  path.  But,  with  this  restraint, 
the  equations  become 

k 
k 

v 

6 

Of  some  interest  here  is  a  limiting  value  of  ^  since  4>i  =  90°  is  again  a  singularity. 
Prom  Equations  (14)  and  (15), 

4>x  =  (q  sin  (p0  +  r  cos  4>0)  sin  6  , 


where 


Most  air-launched  vehicles  are  roll  stabilized  prior  to  firing  the  booster,  or  begin¬ 
ning  any  trajectory  shaping.  This  diminishes  the  chances  of  flying  the  missile  through 
the  launch  aircraft.  So  then  q  and  r  will  be  small  or  sinusoidal  until  4>0  ^  C  . 

Then  ^  y  r  sin  6  ,  and  so  should  be  small  unless  we  have  high  body-axis  yaw  rates  at 
high  pitch  angles.  This  is  an  undesirable  motion  called  “fishtailing”. 

The  additional  computations  involved  in  this  scheme  have  negligible  effect  on  accuracy. 
The  performance  for  the  Trajectory  1  and  2  inputs  are  shown  in  Figures  12  and  13.  Again, 
extrapolating  the  errors  to  target  impact,  the  computer  contributes  about  30  and  110  feet 
cep,  respectively. 

A  more  interesting  technique  for  providing  all-attitude  capability  is  gimbal  shifting. 
Since  gimbal  lock  always  occurs  only  about  the  inner  gimbal  it  is  possible  to  sense  the 
approaching  problem  and  quickly  shift  the  order  of  gimballing  from  yaw-roll -pitch  to  yaw- 
pitch-roll,  for  example.  The  explicit  form  of  the  transformation  equations  which  must  be 
solved  are  changed,  but  the  complexity  and  accuracy  are  not  affected.  The  key  to  this 
quick  change  is  the  solution  of  the  new  roll,  pitch  angles  in  terms  of  the  old  pitch,  roll 
angles.  If  two  equivalent  column  vectors  of  two  orthogonal  matrices  are  equal,  the  matrices 
are  equal.  By  judicious  selection  of  the  column  vectors  of  the  old  and  new  transformation 
matrices  which  we  equate,  three  simple  simultaneous  equations  are  obtained.  The  solutions 
for  the  two  new  angles  are 


0n  =  tan'l[cos0o  tan  0Q] 
=  tan'l[tantf>0  /  cos 


(16) 


These  equations  are  simple  for  the  vector  computer,  and  need  be  solved  only  once  to  shift 
the  gimbals.  If  attitude  output  information  is  required  for  missile  control,  then  these 
equations  must  be  solved  inversely  and  continuously  at  a  low  rate.  But  these  computations 
are  outside  the  strapped-down  transformation  and  accuracy  is  not  affected. 
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The  Euler  angle  vector  computer  is  operationally  feasible,  but  is  it  physically 
realizable?  -  A  reasonable  question  because  the  answer  is  "yes”.  The  total  functions  of 
the  computer  were  specified  in  detail  and  logic  diagrams  were  generated.  From  these 
diagrams  a  preliminary  hardware  design  study,  including  packaging,  was  completed.  The 
functions  of  the  computer  for  a  typical  missile  are  as  follows: 


(a)  Strapped-down  to  inertial  coordinate  conversion:  Euler  angle,  three -parameter 
transformation. 

(b)  Navigation:  tangent  plane. 

(c)  Guidance:  roll  attitude  control,  cross  product  pitch/yaw  control  in  body-axis 
coordinates. 

(d)  Missile  control:  subsystem  discretes  and  auto-pilot. 


Although  a  particular  navigation  coordinate  system  and  guidance  scheme  were  selected, 
the  choice  is  not  restrictive.  Their  only  purpose  is  to  establish  approximate  memory 
size  and  computer  solution  times.  Equivalent  equation  sets  may  be  substituted  readily. 


The  general  characteristics  of  the  computer  are: 


Type:  General  purpose,  parallel,  vector. 

Number  System:  Binary. 

Negative  Number  Representation:  Two’s  complement. 
%rd  Length:  20  bits. 

Radix  Point:  Semi-fixed,  fractional  numbers. 


Command  Repertoire :  16  basic  instructions. 

Logic  Type:  TTL. 

Memory:  512  words,  20  bit,  NDRO  (core  rope) 

64  words,  20  bit,  DRO  (ferrite  coincident  current). 


Operations  Rates:  Add  time 
Multiply 
Divide 

Rotation 

Resolution 

✓ 


2  u  sec. 
8  v  sec. 
16  p  sec. 

36  p  sec. 


The  solution  time  sequence  of  the  computer  is  shown  in  Figure  '4.  As  shown,  the 
strapped -down  conversions  occur  every  millisecond,  and  the  command  functions  are  generated 
every  six  milliseconds.  This  is  more  than  adequate  frequency  response,  and,  together  with 
the  40%  spare  memory  locations,  provides  good  growth  potential  for  operation  with  other 
guidance  equipment.  With  existing  logic  components  this  computer  can  be  packaged  in  300 
cubic  inches  and  will  weigh  13.5  pounds. 


Although  the  study  is  concerned  with  a  missile,  the  conclusions  apply  generally  tc  many 
vehicles  for  which  strapped-down  inertial  navigation  is  applicable.  These  conclusions  are 
as  follows: 


1.  Cost:  Given  a  parallel,  vector,  whole-number  digital  computer  in  the  vehicle  for 
guidance  and  control,  the  strapped-down  conversion  may  be  Implemented  with  a  minor 
increase  in  memory  size.  Approximately  6  temporary  and  12  permanent  locations  must 
be  added.  The  exact  number  and  length  of  the  words  depend  on  accuracy  requirements 
and  attitude  limits  of  the  vehicle. 
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In  contrast,  T,  F. Wiener1  estimates  that  the  incremental  computer  requires  27 
integrators  to  generate  the  direction  cosines  and  perform  the  velocity  transforma¬ 
tions. 


2.  Accuracy:  This  study  showed  that  the  accuracy  for  this  application  is  primarily  a 
function  of  quantization  which  is,  in  part,  determined  by  the  vehicle  dynamics. 

That  the  three -parameter  Euler  angle  technique  may  be  made  equivalent  in  accuracy 
to  the  direction  cosine  methods  for  many  applications  may  be  inferred  from  the 
following: 

(a)  A  comparison  of  the  analytic  errors  of  the  two  transformations  is  shown  in 
Table  II. 

(b)  A  comparison  of  simulation  studies  for  an  equivalent  three-axis  monotonic  rota¬ 
tion  input  is  shown  in  Figure  15.  The  direction  cosine  transformation  shows 
only  truncation  errors,  while  the  Euler  angle  transformation,  converted  here 

to  equivalent  direction  cosines  for  ease  cf  comparison,  contains  all  inherent 
errors  of  the  method.  The  scatter  is  primarily  from  quantization  effects. 

Both  techniques  Implement  only  first-order  integration. 

3.  Flexibility :  Three  items  are  worthy  of  mention. 

(a)  All  attitude  operation  is  possible  with  no  decrease  in  accuracy. 

(b)  Attitude  output  information  is  available  with  no  additional  hardware  or  compu¬ 
tations.  This  information  is  useful  for  the  following. 

(i)  Vehicle  control  such  as  roll  stabilization  or  pitch  programming. 

(ii)  Vehicle  attitude  information  for  manned  vehicles. 

(ili)  Initialization  by  gimbal  matching  techniques.  This  is  especially 

valuable  for  extremely  short  reaction  time  vehicles  since  the  angles  may 
be  initialized  as  fast  as  loading  a  single  register. 

(iv)  Sensor  corrections.  The  angles  computed  for  body-axis  to  inertial  con¬ 
version  may  also  be  used  to  convert  from  inertial  to  body-axis.  Ftor 
example,  in  initializing  an  inertial  system  to  the  tangent  plane  co¬ 
ordinate  system,  gyro  fixed  biases  may  be  calibrated  automatically  to 
the  limit  of  accelerometer  sensitivity  by  proportional  plus  Integral 
leveling  loops  whose  output  rates  are  converted  from  inertial  back  to 
gyro  axes. 

(c)  Integrsbility  with  position  navigation  systems  is  easier  because  only  three 
parameters  must  be  Included  in  the  state  vector  for  the  transformation  process. 
And  these  parameters  are  Euler  angles  which  are  identical  to  gimbal  set  update 
quantities. 

Interfacing  with  the  fire  control  computer  is  easier  because  the  fire  control 
and  missile  computer  may  both  use  the  same  number  system. 

For  many  strapped -down  systems,  then,  a  vector  computer  aolving  a  three -parameter 
Euler  transformation  provides  increased  flexibility  with  comparable  costs  and  performance. 
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TABU  I 


(gian  fixation  Errors 


Tine 
(nsec ) 


Gyro  Output 
(deg) 


((amputee  Input 

Pulses 

Angle  (deg) 

Error  (deg) 

II; 

— 

-0.02 

1 

m 

-0.01 

1 

0.06 

0.  00 

0 

0.  06 

-0.02 

TABLE  II 

Analytic  Error  Comparison 


Error  Classification 

Direction  Cosine 

3  Parameter  Euler  Angle 

1.  Truncation  (first  order  integration) 

Rotation  Input:  Drift 

Ee3/3  (Ref.  5) 

A03/3 

Skew 

(Ref.  5) 

0  (Note  1) 

Scale 

At*  (Ref.  5) 

0  (Note  1) 

Vibration  Input:  Limit  Cycle 

5P  (Ref.  2) 

0 

2.  Commutation:  Angle/Angle 

(Ref.  1) 

A?! 

Vel. /Angle 

Variable  (Ref. 3) 

At*  Ax/2 

3.  Qiantization 

Equivalent 

Equivalent 

4.  Round-Off 

Not  Evaluated 

Not  Evaluated 

Note  1:  Transformation  is  orthogonal 
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A  CONCEPT  OF  DIGITAL  AVIONICS* 

J.P.  Bussell 


1.  INTRODUCTION 

This  paper  is  concerned  with  the  results  of  studies  of  the  application  to  avionics  of 
whole-number,  general  purpose,  digital  techniques  (referred  to  throughout  as  digital 
systems).  In  particular  we  have  had  the  following  functions  in  mind: 

Inertial  platform  computations  (e.  g.  ARINC  561). 

Navigation  (e.g.  ARINC  562). 

Automatic  flight  control. 

Power  plant  control. 

Head-up  display. 

Air  data. 

1. 1  Simple  Digital  Systems 

For  the  purpose  of  this  paper  it  will  help  to  clarify  the  principles  of  this  system 
concept  to  begin  by  defining  a  basic  digital  system  block  diagram.  The  simplest  possible 
system  utilising  whole-number,  general  purpose  techniques  is  shown  in  Figure  1.  The 
system  consists  of  a  number  of  modules  : 

1.  Power  supply  module:  This  provides  stable  power  and  permits  the  system  to  be 
Isolated  from  transients  in  the  aircraft  power  supplies. 

2.  Interface  modules:  These  are  a  wide  variety  of  devices  which  are  required  to  con¬ 
vert  incoming  data  from  the  form  in  which  it  exists  outBlde  the  digital  system  into 
the  form  in  which  it  is  required  inside,  and  vice  versa.  These  modules  may  have  to 
perform  analogue  to  digital  conversions,  digital  to  analogue  conversions  and/or 
convert  from  one  digital  format  into  another. 

3.  Programme  store  module:  This  is  programmed  for  the  function  of  the  system. 

4.  Data  store  module:  This  contains  the  data  which  are  normally  changing  during  any 
one  period  of  use  of  the  system.  This  module  may  or  may  not  be  part  of  the  pro¬ 
gramme  store  module. 

5.  Processor  module:  This  acts  on  the  data  received  from  the  Interface  modules,  under 
the  instructions  of  the  programme  store,  producing  intermediate  results  which  are 
stored  in  the  data  store  and  putting  out  results  through  the  interface  modules  to 
the  displays  and  actuators. 

1.2  The  Past 

Before  we  attempt  to  discuss  the  present  and  future  of  digital  avionics  it  is  useful 
to  consider  the  past. 

Early  airborne  digital  computers  were  designed  to  meet  a  specific  system  requirement. 


*lhe  opinions  expressed  in  this  paper  are  those  of  the  author  and  do  not  necessarily  represent 
current  company  policy, 
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They  suffered  from  the  disadvantage  that  they  were  relatively  expensive.  Because  of  this, 
the  idea  of  a  so-called  "central  digital  computer”  was  developed.  This  concept  expressed 
the  fact  that  the  economics  of  general  purpose  computers  favour  their  use  in  solving  large, 
complex  problems  rather  than  small  ones. 

This  idea  of  a  central  digital  computer  has  met  with  considerable  difficulty  in  avia¬ 
tion  applications  for  two  reasons: 

Integri  ty 

The  conventional  avionic  system  has  evolved  as  a  system  of  .separate,  largely  inde¬ 
pendent  units,  each  performing  a  separate  function.  This  configuration  has  resulted 
in  an  inherently  high  integrity  system  whose  total  failure  is  a  highly  improbable 
event  (i.e.,  a  system  which  is  inherently  safe).  The  idea  of  a  "central  digital  com¬ 
puter”  challenges  this  integrity  concept  because  it  merges  in  one  box  the  functions 
previously  performed  by  many.  This  has  the  result  that  the  probability  of  all  systems 
failing  is  the  same  as  for  only  one  system.  This  is  clearly  unacceptable. 

This  shortcoming  of  the  ‘fcentral  digital  computer”  concept  can  be  rectified  by 
introducing  multiple  (redundant)  units  in  such  a  way  as  to  restore  the  system  integrity. 
However  this  must  have  the  effect  of  adding  considerably  to 

Cost 

The  high  cost  of  digital  systems  created  a  barrier  over  which  it  was  very  difficult 
to  sell  digital  devices  in  areas  which  traditionally  used  analogue  systems.  Most  of 
the  early  systems  were  devised  to  meet  requirements  which  could  not  be  met  in  any 
other  way  (e.g. ,  very  high  accuracy  military  navigation). 

The  basic  cost  factor  was,  and  still  is,  aggravated  by  the  complexity  of  the  peri¬ 
pherals  associated  with  such  a  system.  In  particular  it  is  necessary,  in  most  systems  at 
present,  to  integrate  the  digital  system  with  a  wide  variety  of  analogue  transducers  and 
actuators.  This  involves  complicated  special-to-type  analogue  to  digital  and  digital  to 
analogue  converters.  In  the  worst  case  the  cost  of  these  devices  can  exceed  the  cost  of 
the  other  modules. 


2.  THE  MERITS  OF  DIGITAL  SYSTEMS 

In  the  long  term,  the  chief  factor  influencing  the  design  of  the  digital  systems  will 
be  their  particular  merits. 

2.1  Flexibility 

The  ability  to  develop  the  system  programme  in  a  variable  store  results  in  substantial 
reductions  in  development  costs.  For  example,  in  the  development  of  an  analogue  auto¬ 
pilot,  a  change  in  the  system  requirement  may  necessitate  a  partial  redesign  of  the 
equipment.  In  many  cases  such  a  change  would  only  result  in  a  minor  programme  change  in 
a  digital  system.  In  addition  to  reducing  the  work  load  involved  in  the  change,  this 
flexibility  shortens  the  time  scale  and  the  consequent  costs  of  maintaining  a  design  team. 

Another  important  aspect  of  this  flexibility  is  the  ability  to  experiment  during  the 
development  of  the  system  without  the  necessity  of  making  changes  to  the  hardware. 

2.2  Universality 

The  ability  to  offer  the  same  basic  hardware  for  the  solution  of  a  variety  of  system 
problems,  as  well  as  for  different  applications  of  the  same  type,  offers  a  potential 
decrease  in  development  costs  across  a  wide  market. 

In  addition  to  this,  the  large  scale  manufacture  of  such  devices  offers  potential 
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savings  in  manufacturing  costs. 

Finally  the  use  of  common  hardware  for  many  different  functions,  particularly  within 
the  same  aircraft,  could  result  in  large  reductions  in  the  total  cost  of  ownership  in 
terms  of  reduced  spares  holdings,  reduced  maintenance  training,  shorter  maintenance  times 
and  hence  more  efficient  aircraft  utilisation. 

2.3  Computing  Ability 

Oigital  systems  offer  the  ability  to  carry  out  calculations  of  a  much  higher  order  of 
complexity  than  analogue  systems.  Thus,  for  example,  with  a  digital  system  it  is  possible 
to  consider  facilities  for  power  plant  control  giving  : 

Fuel  optimisation 

Adaptive  control 

Parameter  degradation  and  failure  prediction. 

These  facilities  can  result  in  an  effective  reduction  in  the  total  cost  of  ownership. 

One  of  the  principal  differences  between  analogue  and  digital  devices  is  the  way  in 
which  the  components  are  used  in  the  calculations.  Analogue  systems  use  integrating 
amplifiers,  servos,  cams,  etc.,  each  capable  of  performing  one  computing  function. 

General  purpose  digital  systems  use  most  of  their  components,  most  of  the  time  for  most 
of  the  functions.  This  has  the  important  advantage  that  the  system  can  be  programmed  to 
carry  out  calculations  aimed  at  monitoring  its  own  performance.  Such  calculations  can  be 
used  in  two  important  ways  : 

(i)  Maintenance  Checks:  Aimed  at  producing  a  rapid  turn-round  of  the  aircraft  and 
consequently  higher  revenue-earning  capacity. 

(ii)  Failure  Detection:  As  part  of  a  high  integrity  "failure  surviving”  system. 
Studies  of  this  technique  suggest  that  it  is  possible  to  achieve  a  very  high 
probability  of  failure  detection  using  a  system  which  requires  only  a  small 
amount  of  hardware  in  addition  to  the  self -monitoring  programme,  Thus  the 
equipment  design  can  still  be  independent  of  the  system  application  in  the  sense 
implied  in  Section  2.2. 


2.  4  Cost 

A  very  significant  factor  in  this  situation  is  cost.  A  study  of  digital  system  prices 
reveals  several  striking  facts. 

Over  the  past  few  years  there  has  been  a  very  high  rate  of  growth  of  digital  component 
technology.  This  development  is  remarkable  in  having  simultaneously  produced  components 
which  are  smaller,  have  a  higher  performance  for  a  lower  power  and  at  a  lower  cost.  At 
the  same  time  the  increasing  complexity  of  each  component  has  implied  simpler  system 
design.  This  factor  and  the  increasing  sale  of  digital  systems  has  resulted  in  substan¬ 
tial  reductions  in  manufacturing  costs,  which  have  also  been  accompanied  by  a  rapid 
improvement  in  performance. 

There  is  no  evidence  that  this  process  of  improvement  in  performance  coupled  with 
decreased  costs  has  any  limitations.  As  a  result  the  current  prices  of  airborne  digital 
systems  are  already  competitive  with  the  most  complex  analogue  devices. 

2.5  Reliability 

Because  of  the  greater  degree  of  standardisation,  process  control  and  automation, 
modern  components  have  become  much  more  reliable  and  this  trend  is  one  which  can  be 
expected  to  continue.  The  same  can  also  be  said  of  equipment  design.  Apart  from  these 
factors,  the  wide  area  of  potential  application  offers  scope  far  a  much  greater  degree  of 
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reliability  engineering.  Thus  in  every  respect  the  use  of  digital  techniques  offers 
considerable  hope  of  improvement  in  equipment  reliability. 

2.6  Digital  Interfaces 

The  use  of  controls  and  transducers  with  digital  outputs,  and  displays  and  actuators 
with  digital  inputs  would  facilitate  the  introduction  of  digital  data  transmission 
systems.  Such  systems  could  be  expected  to  result  in  a  number  of  advantages: 

(i)  A  significant  reduction  in  the  quantity  and  type  of  avionic  signal  wiring. 

(ii)  Higher  integrity  resulting  from  built-in  error-detecting  techniques  (e.g., 
error-detecting  codes). 

(ii)  The  easy  interchange  of  boxes  for  different  aircraft  roles  (i.e.,  the  location 
of  a  box  can  be  independent  of  its  function). 

(iv)  Simplified  system  development  because  of  less  physical  interdependence  of 
different  boxes. 

2. 7  Conclusions 

To  summarise  then,  the  present  is  characterised  by  devices  whose  potential  in  applica 
tion  to  avionic  systems  is  undoubted  but  whose  development  is  held  up  by  very  high  first 
cost.  What  then  of  the  future? 


3.  THE  FUTURE 

Whatever  is  offered  now  by  the  manufacturer  of  digital  avionics  must  conform  to  two 
basic  rules; 

(1)  It  must  offer  solutions  to  avionic  system  problems  which  are  compatible  with 
market  requirements  now.  This  calls  for  a  compromise  between  digital  technology 
and  the  commercial  needs  of  aviation  systems  and  expresses  the  practical  need  to 
produce  the  first  nutation  in  the  evolution  of  digital  avionics.  This  require¬ 
ment  dictates  present  hardware  design  and  implies  that  it  must  offer  the  cheapest 
solution  to  the  smallest  problems.  This  means  that  we  must  define  the  size  of 
the  smallest  problem  in  terms  of  programme  store  capacity,  data  store  capacity, 
word  length,  computer  speed  and  instruction  facilities. 

(11)  It  must  offer  the  capability  of  being  developed  by  small  evolutionary  steps  into 
the  ultimate  system  concept.  This  requirement  recognises  the  built-in  conserva¬ 
tism  of  aviation  development  which  derives  from  the  fundamental  need  for  safety. 
This  need  is  expressed  in  a  desire  to  develop  aviation  systems  from  the  ‘hnown" 
by  small  evolutionary  steps  towards  the  “unknown”.  There  is  a  well-known  word 
game  which  provides  an  excellent  analogy  to  this  evolutionary  process.  The  game 
consists  of  changing  one  word  into  another  in  such  a  way  that  only  one  letter  is 
changed  at  a  time  and  that  each  change  produces  a  meaningful  word.  For  example. 

WORD 
CORD 
CORS 
C&g 
&AMC 
RA]R 
RJTE 
RITE  . 


At  the  sane  tine  this  requirement  means  that  the  design  must  be  applicable  to 
complex  problems  without  seriously  prejudicing  the  requirements  of  very  simple 
systems. 
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Before  considering  the  immediate  future  it  follows  from  the  preceding  remarks  that  it 
is  convenient  to  consider  the  ultimate  utilisation  of  digital  techniques.  Ibis  provides 
an  aiming  mark  towards  which  we  can  direct  the  design  concept.  This  aspect  is  simplified 
because  it  need  take  no  account  of  expediency  but  only  of  the  ultimately  compelling  fea¬ 
tures  of  the  interaction  of  basic  avionic  system  design  and  the  merits  of  digital  systems. 
It  is  the  ultimate  compromise  between  these  two  technologies  which  we  are  seeking.  When 
we  have  defined  this  ideal  system  we  can  go  on  to  consider  the  evolutionary  process  itself 
and  its  effect  on  present-day  design. 

3.1  Ihe  Ideal  Digital  System 

Hie  ideal  digital  system  would  have  the  following  characteristics: 

Integrity 

It  would  need  to  be  capable  of  built-in  redundancy  for  integrity  purposes. 

Digital  Interface 

It  would  make  use  of  a  digital  data  transmission  system  (see  Section  2.6). 

Modularity 

It  would  be  nodular  in  the  sense  defined  in  Section  l.l,  for  the  following  reasons: 

(1)  The  modules  are  designed  to  form  part  of  various  systems  units,  each  of 
which  will  require  additional,  different,  special -to -type  modules  and  will, 
in  general,  be  built  into  various  size  boxes. 

While  it  is  perfectly  feasible  to  design  the  hardware  nodules  to  be 
compatible  with  standard  rack  sizes  it  is  unlikely  that  it  would  be  prac¬ 
ticable  to  offer  all  systems  in  a  standard  box  size. 

(ii)  The  requirements  at  module  level  (discussed  in  more  detail  in  Section  4) 
show  that  in  moat  cases  a  particular  module  may  have  to  have  more  that  one 
form  (e.g.,  d.c.  and  a.c.  power  modules). 

(Hi)  High  integrity  requirements  result  in  a  need  for  multiple  redundancy  which 
is  most  economically  employed  at  nodule  level. 

(iv)  it  is  generally  true  that  the  more  coaplex  the  programme  the  higher  must  he 
the  speed  of  the  processor.  This  is  a  situation  which  tends  to  reduce  the 
system  cost  effectiveness  shea  the  required  processor  speeds  are  beyond  shat 
is  readily  obtaiaable  in  the  current  "state  of  the  art".  In  this  situation 
the  only  practicable  solution  is  to  adopt  a  multi -processor  system. 

(v)  Modularity  permits  a  close  natch  between  the  system  requirements  and  the 
hardware  realisation  over  the  broadest  system  spectrum. 

Thus  it  is  better  to  regard  the  modules  sa  system  tools  which  can  be  assembled  together 
in  various  configurations,  rather  than  ss  so  unique  combination  assembled  into  a  particular 
box  size. 

A  typical  system  coaplei  is  shown  in  Figure  2.  It  should  be  noted  that  the  system 
dispenses  with  the  Interface  modules  shown  la  Figure  1.  Instead  it  employs  a  digital  data 
transmission  system,  in  the  manner  discussed  la  Section  2.6.  The  data  transmission  system, 
displays  and  digital  nodules  are  all  arranged  in  multiple  (redundant)  configurations  in 
each  of  which  the  level  of  redundancy  is  determined  individually  by  the  system  integrity 
requirements. 
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3.2  The  First  Step 

.  le  oust  first  consider  what  is  the  best  way  to  pronote  the  use  of  digital  devices  in 
hitherto  analogue  systeas.  Particular  attention  has  been  given  to  the  functions  listed 
in  Section  1.1. 

It  nas  been  assuaed  that 

(i)  A  digital  systea  aust  be  offered  as  a  direct  r-^laceaent  of  an  existing  analogue 
systea  and  aust  be  competitive  with  it.  Aether  way  of  stating  this  is  to  say 
that  it  is  not  the  concern  of  the  instoacr,  u  priori,  that  the  systea  is  ana¬ 
logue  or  digital  but  only  that  it  does  the  right  iob.  in  the  right  way.  at  the 
right  price.  This  iaplies  that  it  is  unwise  to  use  the  aerits  of  digital  sys¬ 
teas  to  counter  disadvantages  in  cost,  size,  weight,  power  consumption,  relia¬ 
bility  and  performance . 

(il)  For  the  previous  reason,  and  because  of  the  inherent  need  for  caution  in  systea 
design,  it  is  unwise  to  aodlfy  systea  integrity  concepts  until  experience  has 
been  gained  by  substituting  digital  devices  in  systeas  where  the  integrity 
concept  has  been  sell  proven  with  anslogue  devices. 

Thus  we  conclude  that  the  first  step  is  to  specify  minimal  modules  which  are  coapetitive 
with  existing  analogue  devices. 


4.  THE  SYSTEM  CONCEPT 

Arising  out  of  the  various  considerations  already  discussed,  we  have  developed  a  systea 
concept.  This  say  be  siaply  defined  as  a  digital,  avionic,  systea  concept  designed  to 
aatch  the  systea  costs  as  closely  as  possible  to  the  spectrum  of  market  applications  and 
aiaed  at  providing  the  first  step  of  an  evolutionary  development  towards  the  ultimate, 
digital,  avionic  aystea. 

To  provide  for  the  siaplest  aystea  applications  and.  in  particular,  to  promote  the  first 
applications  of  this  type  of  digital  aystea  it  is  necessary  to  optimise  the  design  around 
the  siaplest  systea  requirements.  This,  together  with  the  reasons  enumerated  in  Section 
3.1..  leads  to  the  conclusion  that  the  concept  aust  be  nodular,  for  the  siaplest  systeas. 
alnlaal  coat  is  achieved  by  providing  for  a  snail  store  nodule  and  a  simple  processor.  The 
•ore  complex  requirements  can  be  net  by  aulti -store,  aulti -processor  systeas.  Proa  the 
point  of  view  of  the  processor  it  can  be  stated  that  ainlaal  cost  hardware  necessitates 
optiaum  programme  facilities.  That  is  to  say  that  we  cannot  achieve  a  ainlaal  coat  solu¬ 
tion  without  a  detailed  study  of  the  functional  requirements  of  each  calculation.  Such 
studies  have  been  carried  out  and  have  allowed  us  to  arrive  at  a  statement  of  the  functional 
specification  of  the  various  modules.  These  are  now  discussed. 

4. I  Power  Modules 

Por  aviation  requirements  it  is  likely  to  be  necessary  to  provide  miniature  stabilised 
pemwr  supplies  operating  from  a.c.  or  d.c.  aircraft  supplies,  to  addition  son-miniature 
modules  operating  off  aaias  supplies  would  be  required  for  ground  rips. 

4.S  Interface  Modules 

ths  systea  concept  iaplies  tbe  ability  to  interface  with  many  different  systeas  asd  to 
b*  capable  of  fast  data  rates  over  a  Halted  period.  The  nodule  interfacing  aystea  must 
bt  capable  of  accepting  special  aystea  oriented  interfaces  (e.g.  aalogue -digital -analogue 
converters)  and  to  have  direct  eccees  to  the  data  store,  or  to  be  controlled  by  the  pro- 
ctaaor. 
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4.3  Store  Modules 

Cne  of  the  commonly  accepted  features  of  digital  systems  is  the  great  flexibility 
offered  by  prograaae  stores  in  which  the  prograaae  is  written  electrically  (see  Section 
2.1).  However,  this  flexibility  presents  a  risk  of  failure  in  the  presence  of  electrical 
disturbance.  In  view  of  the  high  integrity  requireaents  iapllclt  In  aany  of  the  functions 
considered,  it  is  regarded  as  essential  to  provide  fixed  (l.e.,  aechanlcally  determined) 
prograaae  store  aodules.  This  requirement  is  facilitated  by  the  fact  that  these  applica¬ 
tions  are  characterised  by  programmes  which  require  saall  amounts  of  work  space  in  relation 
to  the  prograne  storage  and  which  are  likely  to  reaaln  fixed  throughout  the  useful  life 
of  the  systea. 

In  practice,  however,  the  situation  is  less  clear  cut  and  there  are  maierous  conflicting 
requireaents.  For  exaaple: 

(i)  The  sdvantages  of  variable  store  for  development  purposes,  already  mentioned. 

(ii)  There  are  aany  systems  where  data  is  seal -permanent,  in  the  sense  that  it  aay 
need  to  be  changed  infrequently  during  the  life  of  the  system. 

(ill)  In  soae  systems  there  aay  be  a  requirement  to  modify  the  prograaae  during  the 
working  life  of  the  aircraft. 

(iv)  There  aay  be  a  requirement  for  different  programmes  for  different  roles  (e.g. , 
in  military  aircraft). 

In  practice  then  it  would  seea  that  me  aust  accept  that  integrity  varies  with  the 
degree  of  permanence  of  the  prograaae  and  that  all  aystaas  will,  in  general,  require  a 
mixture  of  storage  media  of  varying  peraanence  in  differing  proportions.  Clearly  it  would 
be  desirable  to  define  a  storage  grstea  which  would  offer  all  types  of  storage  within  the 
saae  basic  nodule.  This  would  have  two  principal  advantages.  Firstly  there  would  be 
complete  interchangeability  between  developaent  and  production  versions  of  the  saae  systea. 
Secondly  it  would  ainialse  the  hardware  required  for  store  driver  circuitry. 

On  the  basis  of  various  detailed  studies  of  the  applications  listed  in  Section  1,1.  it 
has  been  concluded  that  the  optiaua  prograaae  store  aodule  sine  (consistent  with  the  pro¬ 
cessor  facilities  described  below)  is  4096  words.  A  Mailer  store  la  likely  to  restrict 
one  or  nor*  of  the  applications  considered. 

These  studies  have  also  shown  that,  for  this  programs  store  aodule  else,  the  slalaua 
data  store  is  128  words. 

4.4  Processor  Module 

The  principal  factors  affecting  the  quantity  of  hardware  in  the  processor  snd  tbt  data 
store  ore  the  iaetructian  facilities  and  the  word  l«ogth(s)  to  he  used. 

4  «  I  fnt tract  ion  Stt 

The  nvatoer  of  iaetructioss  which  it  is  passible  to  secheniee  in  t  digital  procsssor  is 
s  function  of  the  number  of  registers  la  tbs  processor.  Iran  for  s  aiataal  type  of  pro¬ 
cessor.  each  as  considered  in  this  paper.  It  would  probably  be  possible  to  aechaatse 
something  like  30  to  40  different  instructions,  it  folloes  that  the  oaaber  of  says  la 
Mich  these  iastructioas  aay  he  combined  to  give  aa  last  ruction  set  is  alaost  infinite 
•ad  it  le  chert?  iapractlcal  to  etady  sad  compare  ail  possibilities. 

The  approach  ehich  erne  therefore  adopted  eaa  to  etady  the  utilisation  of  orders  la  other 
caa patera  of  a  similar  specification  la  aa  atteapt  to  determine  ehich  sere  really  effective, 
fte  effect  of  removing  orders  siagly  eaa  studied  is  terms  of  the  effect  on  programme 
length.  The  rwenvat  of  one  order  tad  the  aabetttatScn  of  Mother  eea  also  etadied  ia  terms 
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of  its  effect  on  overall  programme  length  and  cycle  tine.  By  this  method  it  ms  possible 
to  justify  the  Inclusion  of  each  order  in  terns  of  its  effect  on  programe  length  and/or 

speed. 

Studies  of  the  instruction  set  required  have  revealed  a  number  of  significant  facts 
about  the  utilisation  and  efficiency  of  various  types  of  instruction.  Figure  3  shows 
histograms  illustrating  the  distribution  of  instructions  in  Typical  military  navigation 
programmes  using  the  Autonetics  Verdan  computer  and  the  Elliott  M.C.S.  920  computer. 

The  important  conclusion  to  be  withdrawn  from  these  two  histograms  is  that  the  utilisation 
of  different  instructions  is  very  variable.  Ibis  suggests  that,  beyond  a  certain  basic 
minimum  number,  the  addition  of  further  instructions  to  the  basic  set  is  unlikely  to  be 
justified  on  grounds  of  utilisation  alone.  Ihese  studies  suggest  the  minimum  instruction 
set  of  Table  I.  (In  the  table  the  effect  cn  programme  capacity  of  removing  orders  singly 
from  the  Instruction  set  is  referred  to  as  the  “effective  capacity  value”.) 


TABLE  I 


Order 

Reason  for  inclusion 

mm 

JUMP  IP  NEGATIVE 

Essential  basic  orders 

NEGATE  &  ADO 

INPUT/OUTPUT 

READ 

« 

181 

ADD 

Effective 

10% 

ORDER  MODIFY 

8% 

JIMP  (Unconditional) 

capacity 

1% 

SHIFT 

* 

7% 

SUMtOUTlNE  ENTRY 

value  (*) 

9% 

EXCHANGE 

3% 

JUMP  IP  ZERO 

m 

MULTIPLY 

(Mission  reduces 

3 

tbs  effective  apeed  of  the 

► 

DIVIDE 

processor  by  e  factor  of 

4 

STORE  EXTENSION 

Facilitates  extended  length 

Racism 

eorhlag  (aee  Section  4.4.2) 

COLLATE 

Facilitates  efficient  use  of  data 

store 

4  4  ?  lord  Length 

Vie  data  word  length  determines  the  accuracy  with  which  the  processor  can  readily 
perform  any  calculation.  Vie  word  length  la  defined  as  the  number  of  bleary  digits  or 
bits,  if  a  word  length  of  a  hits  la  used,  a  a  umber  can  be  represented  to  an  accuracy 
of  one  part  la  2*  .  It  la  a  convenient  rule  of  thumb  that  to  bits  corresponds  to  3 
decimal  digits  cl.e..  2,#  -  1034  ^  io’>. 

If  the  processor  is  not  to  degrade  tbs  accuracy  of  tbs  system  the  sord  length  suet  he 
coos  is  tent  with  the  accuracy  of  the  transducer  data  entering  the  system,  in  general,  in 
avionics,  the  daU  ia  seldom  as  accurate  ee  0.  If  end  so  10  bits  is  adequate.  Aliasing  a 
farther  2  hits  for  round-off  errors  la  calcs latloo  gives  e  satisfactory  sorting  sord 
length  of  12  bits. 
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Itils  is  not  an  absolute  limit,  however.  There  is  nothing  to  stop  the  processor  working 
to  auch  greater  accuracy  by  using  special  programmes.  To  facilitate  this  extended  length 
working  it  is  necessary  to  provide  the  accumulator  with  an  extension  register  which  can 
hold  the  least  significant  half  of  the  result  of  a  multiplication.  The  contents  of  this 
extension  register  can  be  written  into  the  data  store  using  the  “store  extension  register" 
instruction.  The  register  can  be  loaded  as  a  “side  effect”  of  another  instruction  (e.g., 
negate  and  add). 

4.4.J  Instruction  Structure 

With  a  system  utilising  a  relatively  small  data  store  it  is  possible  to  use  a  fixed 
programme  store  more  efficiently  by  adopting  a  two-format  instruction  structure  in  which 
short  words  are  used  for  instructions  addressing  the  data  store  and  long  words  for  pro¬ 
gramme  Jumps  and  the  storage  of  constants.  Such  a  system  can  result  in  a  10%  improvement 
in  programme  store  utilisation.  However,  in  the  more  general  situation,  where  some  systems 
require  large  amounts  of  variable  storage,  the  scheme  is  inefficient.  For  this  reason  a 
single  format  structure  is  adopted. 

Further  than  this,  for  systems  using  large  amounts  of  variable  store  it  is  desirable 
that  data  and  instruction  words  are  Interchangeable.  For  this  reason  it  is  concluded  that 
the  Instruction  word  length  should  also  be  12  bits. 

Tb  obtain  the  instruction  set  in  Section  4.4.1  efficiently  it  is  necessary  to  allocate 
4  bits  to  define  the  Instruction  function.  Ibis  leaves  8  bits  only  to  define  addresses. 
Addressing  the  whole  programme  store  module  can  be  arranged  by  the  use  of  “order  modify” 
facilities.  Address  extension  registers  built  into  the  additional  store  modules  can 
accommodate  multi-store  systems. 

4  4.4  Speed 

\esuaing  we  adopt  the  same  techniques,  a  more  complex  calculation  will  require  a  longer 
programme  and  will  take  longer  to  perform  in  the  computer. 

In  general  it  is  possible  to  increase  tb*  speed  of  a  programme  by  using  more  programme 
store.  Fbr  example  a  large  stored  table  is  often  a  faster  method  of  generating  a  function 
than  a  small  polynomial  subroutine  which  occupies  such  less  programme  store  capacity. 

Thus  larger  storage  systems  can  be  utiliaed  to  increase  the  effective  speed  of  the  system 
as  well  as  to  increase  the  else  of  the  task  performed. 

Speed  requirements  are  basically  determined  by  the  function  which  the  aystam  is  required 
to  perform.  For  the  system  functions  listed  in  Section  l.l.  it  has  been  found  that  in  the 
worst  case  an  average  instruction  time  of  about  7.5  microseconds  must  be  achieved.  <Kote 
that  this  average  is  taken  from  the  programme  and  not  from  the  Instruction  set.) 

Another  factor  contributing  to  the  effective  speed  efficiency  of  the  system  Is  the 
interrupt  facility.  Many  of  the  system  tasks  envisaged  are  either  time -dependent.  In  that 
a  defined  and  fairly  exact  repetition  rate  is  required,  or  ml  arm -dependent,  in  that  the 
programme  must  react  quickly  to  a  relatively  infrequent  high  priority  stimulus.  These 
requirements  indicate  the  need  for  an  interrupt  system,  such  that  the  base  programme  may 
be  interrupted  at  any  time  and  a  more  important  task  any  be  undertaken.  The  hardware 
interrupt  system  must  operate  either  with  a  simple  hardware  interrupt  discriminator  or  with 
an  executive  programme  which  will  assign  task  priority  to  the  Interrupting  device.  As  the 
interrupted  programme  must  always  start  at  a  given  point  and  cannot  itself  be  interrupted, 
the  provision  of  a  fixed  interrupt  level  start  address  is  acceptable.  This  removes  the 
seed  to  store  the  interrupt  level  sequence  control  register  and  reduces  the  processor 
hardware.  The  interrupt  discrimination  can  be  provided  by  allowing  the  fixed  interrupt 
level  starting  address  to  be  externally  modified.  The  logic  required  to  operate  this  dis¬ 
crimination  system  can  be  xystmi  oriented  and  can  fora  part  of  the  system  oriented  inter¬ 
face  logic. 
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5.  CONCLUSIONS 

The  purpose  of  this  paper  hao  been  to  describe  the  bests  of  the  development  of  an  evolu¬ 
tionary,  generic  concept  of  alninal  cost  digital  avionic  nodules.  The  concept  is  one  which 
extends  across  the  ehole  range  of  avionic  coaputatlon  and  can  also  be  regarded  as  part  of 
a  elder  concept  including  industrial  process  control  systems. 

There  is  no  doubt  that  the  potential  nerits  of  digital  systeas  offer  the  prospect  of  an 
ultinate  revolution  in  avionics.  The  system  concepts  eventually  sdopted  will  look  very 
similar  to  those  conceived  for  ground  applications.  However,  revolution  it.  unacceptable 
in  avionics  and  these  *.N»nges  cannot  be  expected  to  occur  quickly.  For  this  reason  the 
concept  discussed  in  this  paper  •»  one  which  is  essentially  evolutionary  in  character.  It 
offers  both  the  long-term  system  advantages  and  the  essential  first  step  on  the  road  towards 
ideal  digital  systems. 

It  is  only  within  the  last  few  years  that  digital  devices  have  reached  the  point  where 
they  are  likely  to  be  economically  viable,  and  then  only  with  the  more  complex  analogue 
devices.  It  is  probably  fair  to  talk  in  terns  of  digital  computer  price  reductions  of  80% 
within  a  decade.  These  reductions  result  in  the  main  from  very  rapid  changes  in  component 
technology.  These  changes  have,  in  most  cases,  simultaneously  offered  reductions  in  sine, 
weight  and  power  consumption,  as  well  as  offering  improvements  in  functional  performance 
and  reliability,  a  situation  which  must  be  almost  unique  in  technological  history,  fhat  is 
more,  this  process  shows  no  sign  of  slowing  down.  For  this  reason  it  is  possible  to  pre¬ 
dict  with  confidence  a  continuing  reduction  in  the  real  price  of  digital  devices.  The  rate 
of  this  reduction  is  likely  to  outstrip  any  corresponding  reduction  in  the  price  of  ana¬ 
logue  devices  and  so  it  is  reasonable  to  anticipate  that  digital  devices  will  be  viable 
in  a  larger  and  larger  sector  of  the  market. 

In  addition  to  the  factors  just  mentioned,  the  increasing  use  of  digital  devices  in  air¬ 
craft  is  likely  to  promote  the  development  of  transducers  with  digital  outputs  and  digitally 
driven  actuators  and  displays.  This  *111  create  an  environment  in  which  digital  data  trans¬ 
mission  and  display  systems  are  encouraged  to  develop.  This  in  turn  win  result  in  a 
dramatic  reduction  in  the  need  for  analogue  to  digital  and  digital  to  analogue  conversion 
modules  which  currently  represent  major  cost  and  reliability  obstacles  to  the  sale  of  digi¬ 
tal  systems.  As  a  result  it  is  possible  to  predict  an  acceleration  of  the  utilisation  of 
digital  devices,  moving  progressively  tomrds  the  ultimate  concept  of  multi -processor, 
multi -store  systems  associated  with  digital  data  transmission  and  display  system  complexes. 
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SUMMARY 


The  microplasticity  of  metals  is  discussed  and 
precision  instruments  is  reviewed.  Some  new  data 
obtained  from  R.O.P.  Cardiff,  which  closely  agree 
from  the  Brush  Beryllium  Corp.  Variable  drift  in 
been  traced  to  ligament  creep  and  steps  to  reduce 


work  on  materials  used  in 
are  presented  for  beryllium 
with  results  on  beryllium 
a  precision  gyroscope  has 
the  effect  are  described. 
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MICROPLASTICITY  IN  METALS  FOR  PRECISION 


INSTRUMENTS* 


0.  H.fyatt 


1.  INTRODUCTION 

Components  for  Inertial  navigation  systems  can  be  regarded  as  very  precise  arrangements 
of  metals,  ceramics,  glasses  and  polymers.  A  great  deal  of  attention  is  paid  to  optimising 
the  arrangement,  considerably  less  to  the  properties  of  the  materials.  This  nay  be  due 
to  the  neglect  of  materials  science  in  most  engineering  and  physics  curricula  and  the 
noticeable  unwillingness  of  metallurgists  (or  materials  scientists,  as  they  are  no*  known) 
to  take  engineering-type  jobs,  although  their  knowledge  and  Abilities  would  be  an  import¬ 
ant  contribution  to  many  engineering  projects.  A  count  of  the  number  of  different 
materials  in  the  sensitive  element  of  one  gyroscope  gave  over  20  metals,  7  polymers,  1 
cermet  and  1  glass.  Each  of  these  possessed  properties  vital  to  its  application,  but 
detailed  questions  on  their  structure  and  properties  often  go  unanswered  for  lack  of 
trained  opinion. 

In  planning  this  paper  it  was  intended  to  cover  briefly  all  classes  of  materials  m»d 
show  how  the  different  types  of  atomic  bonding  are  responsible  for  their  macroscopic 
properties  which  make  them  sultabl  i  for  particular  applications.  This  turned  out  to 
require  a  text -book,  not  a  paper,  mid  the  field  has  had  to  be  narrowed  to  metals,  and  in 
particular,  their  microplastlclt: ,  and  anelasticity,  that  is.  small  departure  from  Nookean 
elastic  behaviour  (stress  =  content  «  strain).  The  topic  is  one  of  three  legs  on  which 
the  larger  subject  of  material  stability  rests,  the  other  two  being  residual  stresses  and 
phase  changes.  It  la  the  intention  to  rover  those  in  a  later  paper. 

Mlcroolasticity  is  peculiar  to  metals  as  a  class  on  account  of  the  ease  with  which 
dislocations  can  move  la  a  crystal  or  grain.  As  is  well  known  to  materials  scientists, 
dislocations  are  the  line  faults  in  the  regular  arrangement  of  atoms  in  a  crystal  shioh 
are  responsible  for  the  slipping  of  atoms  planes  past  each  other  during  plastic  flow. 

Slip  la  inhomogeneous  like  the  forward  progress  of  a  caterpillar.  It  starts  on  some  part 
of  on  atomic  plan*  and  the  dislocation  separating  the  slipped  and  un slipped  regions  moves 
steadily  over  the  plane.  All  naterlals  have  large  numbers  of  dislocations  built  into  the 
crystal  structure  (10s  •  10*  on  of  dislocation  per  cs*  of  material)  and  under  stress  they 
begin  to  aov*.  Because  of  the  nature  of  ionic  and  covalent  bendings  present  in  ceramics, 
dislocations  require  high  stresses  to  nova  them  and  ceramics  usually  fracture  before  they 
flow  plastically.  Metallic  bonding,  however,  pernlts  the  dislocation  to  move  over  many 
of  the  atonic  planes  under  low  stress  and  the  problem  with  metals  is  to  prevent  disloca¬ 
tion  movement,  so  as  to  give  a  useful  elastic  range.  There  are  s  limited  number  of  tech¬ 
niques  available  which,  for  alapliclty,  nay  be  regarded  as  distorting  the  regularity  of 
the  lattice  by  introducing  overall*  solute  atoms  or  fine  particles  of  a  second  phase. 

These  methods  are  only  partially  successful  la  holding  the  dislocations  in  position  until 
the  applied  stress  is  sufficient  to  cause  large-scale  dislocation  movement  and  gross 
plastic  flow. 


•This  paper  esprwaaew  the  opinion*  of  the  author 
views  of  the  Royal  Aircraft  hitabllahanat. 


does  sot  necessarily  represent  the  official 
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Mechanical  designers  often  asmae  that  netals  are  ideally  elastic,  as  envisaged  by 
Hooke  (1678),  up  to  the  yield  stress  above  ahich  gross  plastic  flow  occurs.  This  is 
adequate  for  aany  purposes  but,  even  aithout  any  knoaledge  of  the  physical  aechanisos 
involved,  it  la  obviously  inadrcuate  in  others.  It  is  aell  known,  for  exaaple,  that 
repeated  application  of  stress  tell  beloa  the  conventional  “yield  stress”  sill  eventually 
cause  fatigue  fracture,  indicating  that  ideal  elastic  straining  is  not  taking  place. 

Again,  under  creep  conditions,  he  strain  is  a  function  of  tine  although  this  paraaeter 
does  not  appear  in  Hooke’s  Laa  Much  of  the  aork  of  physical  aetallurgists  is  devoted  to 
aicroplastlclty  in  one  guie^  or  another  and  it  is  only  possible  to  select  certain  topics 
here  ahich  seea  aoat  relevant  to  the  design  of  I.N.  coaponents. 

The  fol losing  sections  discuss  various  foras  of  aicroplasticity :  aicroyielding, 
hysteresis,  daaplng  and  alcrocreep.  Then  folloss  a  revies  of  previous  experiaental  aork, 
aainly  oo  aicroyielding,  sith  aaterials  of  interest  to  coaponent  designers.  The  final  tso 
sections  relate  soae  recent  aork  on  berylliua  aicroyield  stress  and  on  ligaaent  alcrocreep. 


2.  RELATED  EFFECTS  IN  NICROPLASTICITY 

Several  closely  related  effects  are  associated  in  aicroplasticity.  as  illustrated  in 
Figures  1,  2  and  3.  Figure  1  shoes  a  conventional  stress-strain  curve  of  a  ductile  aetal: 
a  nominally  linear  and  elastic  strain  up  to  about  10* 3  is  followed  by  gross  plastic  flow. 
Ubloading  at  point  l  on  the  yield  curve  brings  the  strain  down  the  line  12  approxiaately 
parallel  to  the  initial  elastic  range.  To  avoid  dispute  as  to  the  exact  point  of  departure 
froa  linearity,  the  yield  atrees  is  defined  as  the  position  at  which  0.  It  strain  off-set 
from  the  tangent  to  the  initial  part  of  the  stress-total  strain  curve  has  occurred.  The 
plastic  strain  is  theo  of  the  aaae  order  as  the  elastic  strain.  This  yield  stress  has 
probably  no  physical  sigiificance  but  is  an  arbitrary  point  taken  on  a  continuous  stress- 
plastic  strain  curve.  Even  if  a  discontinuity  can  be  shown  to  occur,  as  in  the  sharp 
yield  point  of  aild  steel,  ahich  is  due  to  the  onset  of  soae  particular  dislocation  aech- 
anisa,  it  does  not  necessarily  preclude  the  existence  of  other  dislocation  aoveaents  of 
slvilflcance  at  lower  stresses  and  strain.  Figure  2  shows  a  auch  enlarged  view  of  the 
first  part  of  the  aaae  curve,  using  a  strain  gauge  with  sensitivity  increased  froa  10'* 
to  I0'\  At  very  low  stress  (a),  the  curve  is  linear  and  appears  exactly  reversible,  that 
is.  behaviour  is  Hookean  elastic.  At  slightly  higher  stress  (b).  the  loading  curve  becoaes 
slightly  curved  over  at  the  top.  as  if  plastic  flow  was  coaaencing.  and  oo  unloading  the 
curve  drops  initially  at  the  full  rate  of  the  elastic  aodulus;  but  as  the  stress  nears 
aero  the  curve  bends  in  to  close  the  loop.  The  aster  is  1  can  be  taken  round  the  loop  aany 
tiaaa  without  detectable  change,  though  the  work  represented  by  the  area  of  the  loop  is 
converted  into  heat.  This  effect  is  called  aechanlcal  hysteresis. 

Interest  in  aechanlcal  hysteresis  was  revived  by  Roberts.  Drown  Md  ShveD1*'  and  their 
technique  has  been  widely  employed  since.  The  loop  area  a  (work  done  per  unit  volume  per 
cycle)  is  meaaarjd  as  a  function  of  the  aaxiaua  strain  width  of  the  loop  «L  .  on  theo¬ 
retical  grounds  it  was  claimed  that  they  are  related  by  the  equation 

•  *  2af<l  . 

•bare  erf  it  a  friction  stress  opposing  dislocation  movement.  This  is  based  on  the  con¬ 
cept  of  the  hysteresis  being  canned  by  bowing  or  dislocations  between  anchor  poiota.  Dis¬ 
locations  have  energy  and  can  be  considered  as  being  under  tension.  The  applied  stress 
tries  to  drive  the  dislocation  forward  and  at  equllibrlua  this  is  balanced  by  the  tension 
and  a  friction  stress.  <fe  increasing  and  decreasing  the  applied  stress  the  plastic  strain 
is  different  by  the  strain  equivalent  of  twice  the  friction  stress.  Ekperioental  curves 
of  «  against  ^  have  not  always  been  straight  lines  through  the  origin  and  controversy 
has  raged  over  the  correct  model,  it  has  recently  been  shows  by  Dacca3  that,  if  the  mo¬ 
tion  stress  is  assumed  to  he  orientation -depesdeat.  the  equatlone  of  dislocation  bowing 
are  modified  to  give  a  slightly  curved  relationship  between  *  and  c,  which  agrees  with 
the  experimental  data. 
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Another  tv  of  detecting  hysteresis  is  to  neasure  the  damping  in  free  or  forced  vibra¬ 
tion.  Two  new  factors  are  introduced:  the  stress  nay  not  vary  between  zero  and  sone 
value;  the  straining  rate  or  tlae  element.  Depending  on  the  aaterial,  these  factors  can 
be  significant.  Damping  will  not  be  considered  further  here;  the  subject  has  been 
reviewed  by  Bitwist le1T. 

Raising  the  aaxiaua  stress  at  first  increases  the  size  of  the  hysteresis  loop  (Pig. 2(c)) 
and  then  causes  the  loop  to  open  (d).  This  is  the  onset  of  plastic  flow,  that  is,  residual 
strain  on  reaoving  the  load.  Since  the  nagnltude  of  the  strain  is  so  auch  saaller  (*-  10*#) 
than  conventionally  detected  (10* 3),  it  is  called  aicroyielding.  Cycling  the  load  to  the 
saae  stress  level  now  causes  further  lncreaents  of  residual  strain.  As  with  hysteresis  and 
aacroyieldlng,  aicroyielding  is  noraally  detected  at  a  stress  level  which  is  determined  by 
the  sensitivity  of  the  strain  gauge.  However,  in  saae  aaterials  it  has  been  shown  that  the 
stress-plastic  strain  curve  can  be  extrapolated  to  zero  strain  to  give  a  finite  Intercept 
stress  with  physical  significance.  Ibis  will  be  discussed  later. 

A  final  effect  is  due  to  the  tiae  factor  (see  Figure  3).  Even  in  the  range  of  elastic 
hysteresis,  the  loop  has  been  observed  to  close  at  the  end  of  a  load  cycle  only  after  a 
period  at  zero  stress.  Siailarly,  at  the  aaxiaua  stress  the  strain  Increases  slightly 
with  tiae.  Because  the  strain  is  linear  with  log  (tiae)  the  creep  rate  falls  rapidly.  At 
higher  stresses,  creep  increases  both  on  loading  and  unloading.  Nevertheless  total  creep 
strains  are  seal  1  in  coaparison  with  the  elastic  strain  and  Halted  with  tiae.  Creep  is 
a  theraally  activated  process  and  thus  very  sensitive  to  temperature.  It  is  a  alstake  in 
general  to  try  to  correlate  creep  phenomena  with  aicroyielding,  which  is  due  to  stress 
applied  for  a  short  period. 

Although  all  these  related  aspects  of  aicroplasticity  are  known,  there  are  very  Halted 
comprehensive  experimental  data  which  seek  to  co-ordinate  the  different  effects.  In  the 
following  aost  attention  will  be  paid  to  aicroyieldlrg. 


3.  *  I  CIO)  I  HP  STRESS  (ITS) 

It  has  already  been  mentioned  that  the  conventional  yield  stress  is  taken  at  the  point 
at  which  the  plastic  deforaatlon  is  of  the  same  order  as  the  elastic  deformation  p-  10**), 
Actually  tne  deviation  from  the  initial  straight  portion  of  the  stress-strain  curve  is 
used,  but  this  is  effectively  the  plastic  deformation  (defined  as  residual  on  removing  the 
load),  (hrer  the  last  thirty  years*  there  has  been  increasing  interest  in  the  small-scale 
deviations  from  the  elastic  Hoe.  that  is,  where  the  plastic  strain  is  '10**  of  the 
elastic  strain. 

A  aicroyield  stress  (RTS)  has  been  defined  as  the  stress  at  which  a  plastic  strain  of 
10‘*  develops  (the  corresponding  elastic  strain  usually  falling  in  the  range  10**  to  10**) 
Some  workers,  using  less  sensitive  strain  gauges,  have  used  a  value  of  2  *  10**  plastic 
strain,  and  this  will  be  denoted  here  as  lffBr  Although  the  RTS  can  be  established  in  the 
same  wag  as  the  conventional  yield  stress  (YS)  by  detecting  deviation  from  the  initial 
straight  line,  a  more  satisfactory  technique  in  the  circumstance  where  a  very  small  strain 
Is  to  be  detected  against  a  large  one  is  to  remove  the  large  elastic  strain  component  by 
unloading.  The  load,  increased  by  steps,  is  applied  and  removed,  and  the  RTO  is  then  the 
stress  at  which  a  residual  plastic  strain  of  10**  occurs.  Slightly  different  vnlues  may 
be  given  by  the  two  methods,  due  to  elmmtic  hysteresis  effect. 

It  mat  claimed  initially  that  the  MTS  see  at  laet  the  limit  of  ideal  elwticlty  or.  at 
the  very  leant,  a  definite  discontinuity  is  the  atresm-etrmin  curve.  Hughel*  used  the 
tern  "precision  elastic  Halt"  (fCL)  la  the  belief  that  the  point  had  s  physical  signifi¬ 
cance,  He  claimed  that  a  step  yielding  of  10**  la/ln  occurred  at  this  point  in  beryllium 
and  that  ao  further  yielding  occurred  atil  a  arch  hi#er  stress  was  reached.  Hosever. 
the  evidence  wm  not  very  strong  an  the  sensitivity  vf  bin  strain  gauge  wan  only  10*'. 
Again.  «uir,  Averbach  and  Cohen*  found  with  hardened  steel  that  repented  applications  of 
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the  load  to  •  fixed  stress  level  produced  no  residual  plastic  strain  per  cycle  until  the 
MYS,  wrs  exceeded,  when  it  increased  rapidly  with  stress  level.  Again  the  strain  sensi¬ 
tivity  «as  about  10* 4  and  it  is  not  clear  that  there  was  a  definite  discontinuity. 

Die  only  satisfactory  nethod  of  showing  that  an  effect  really  does  begin  sharply 
rather  than  develop  progressively  is  to  plot  the  results  with  the  axes  chosen  so  that  the 
points  lie  on  a  straight  line.  Then  an  intercept  with  the  stress  axis  or  the  intercept 
of  two  straight  lines  of  different  slope  are  real  proof  of  a  discontinuity.  This  is  not 
to  say  that  in  Plgure  l  there  is  no  yield  stress  below  which  elastic  deformation  is 
dominant  and  above  which  plastic  deformation  is  dominant.  The  question  at  issue  is  whether 
there  ia  a  component  of  plastic  flow  during  the  predominantly  elastic  range.  In  the  work 
of  Bonfield  and  LiT  on  beryllium  it  was  shown  that  the  microyield  curve  (stress  o  versus 
residual  strain  t)  obeyed  the  law 


where  and  B  are  constants  of  the  material.  The  value  of  he  intercept  stress  crQ 
was  found  by  extrapolating  a  straight  line  back  to  zero  strain.  This  showed  that  this 
particular  mode  of  plastic  flow  required  a  finite  stress  to  Initiate  it.  but  it  does 
not  preclude  a  further  mechanism  which  nay  be  significant  at  stress  and  strains  below  those 
detectable  with  the  particular  equipient.  Another  example  is  found  in  the  paper  by  Roberts 
and  Brown1  in  which  plotting  log  (stress)  against  log  (residual  strain)  for  zinc  single 
crystals  gave  two  strain  lines  intercepting  at  a  strain  of  10* \  This  point  must  clearly 
be  a  yield  discontinuity  not  involving  the  instrument  sensitivity  or  experimenter's 
judgement. 

The  WTS  has  been  investigated  both  for  the  light  shed  on  fundamental  theory  of  disloca¬ 
tions  and  for  its  possible  significance  in  the  development  of  precision  instruments.  For 
the  latter,  there  has  been  a  tendency  to  assume  that  the  MTS  is  the  limit  of  ideal  elas¬ 
ticity  and  that  at  stresses  below  it  there  will  be  no  elastic  hysteresis,  no  microcreep 
and  no  material  instability.  These  are  sweeping  assertions  and  it  is  to  be  hoped  that  the 
preceding  discussion  will  cause  the  MfS  to  be  seen  through  less  rose-coloured  spectacles. 

It  has  been  shown,  however.  that  the  MYS  is  a  fraction  of  the  conventional  yield  stress 
and  that  the  ratio  of  the  two  varies  very  widely  from  one  material  to  another,  and  with 
the  details  of  the  manufacturing  process,  including  any  heat  treatment.  Results  on 
specific  materials  will  now  be  reviewed  from  a  phenomenological  viewpoint. 


4.  tfcVIEB  OF  RfcSllTS  Oh  SPkflFif  OATfctl ALS 

4.1  TO  M  brass 

In  early  measurements  of  aleroptesticity  {fetth*  found  that  70/30  brass  had  a  conven¬ 
tional  yield  stress  (hereafter  called  Oft  of  28.000  pal  (lb/in')  but  the  MYS,  was  23.000 
psi.  Pre-stretching  up  to  one  per  rent  rsused  little  change  in  the  CY8  bat  dropped  the 
MVS  rapidly  to  10,000.  Further  pre-st  ret  rung  up  to  tol  raised  the  CVS  to  30.000  pai. 
leaving  the  MVS  steady  (see  Figure  4).  Anteailng  at  3Q(Pc  raised  the  MYS,  to  30.000  psi. 

It  appears  that  in  this  material  there  is  a  very  marked  strain  softening  of  the  MYS  in 
contrast  with  the  normal  strain  hardening  process.  This  result  was  not  confirmed  in 
beryllium  copper  and  beryllium  (discussed  later). 

4.2  n  Meryl  Horn  Capper 

Precipitation  hardened  beryllium  copper  is  used  for  its  good  elastic  properties  and 
electric  current  carrying  ability  in  instrument  suspensions,  gyroscope  UgamMts  (pigtails) 
end  siailar  applications. 


The  MYS2  its  measured  by  Smith  and  Wagner*  in  various  conditions,  following  solution 
treatment  (quenching  free  825r>G).  It  reached  a  maximum  value  of  100,000  psi  after  cold 
drawing  in  the  solution  treated  state  and  precipitation  hardening  (3  hr  at  30(PC).  The 
corresponding  CYS  (0.1%)  was  170,000  psi.  In  the  solution  state  the  MYS  was  only  10,000 
psi,  increased  by  cold  working  to  44,000  psi.  Cold  working  thus  had  a  contrary  effect  to 
that  found  in  70/30  braes,  but  in  line  with  normal  strain  hardening.  This  may  have  been 
due  to  residual  stresses  always  found  in  quenched  material. 

Very  much  lower  values  of  MYS2  were  reported  by  Bonfield*.  although  the  test  piece  was 
thin  strip  (0. 18  *  0.06  inch)  instead  of  round  bar  (0.5  inch  diameter).  The  MYS2  was  only 
4500  psi  after  cold  work  and  precipitation  hardening.  In  the  solution  treated  state,  the 
value  was  1600  psi.  Increased  to  8000  psi  by  cold  reduction  <40%) .  The  stress-residual 
strain  curves  showed  three  stages:  a  low  initial  strain  hardening  rate,  a  high  one  and 
then  nearly  zero.  Results,  reproduced  in  Figure  5,  suggest  that  precipitation  hardening 
is  only  effective  after  20  *  10'*  strain.  Retesting  after  straining  gave  only  slightly 
higher  values  of  MYS2.  Dislocation  structures  and  hysteresis  curves  were  also  obtained. 

The  large  discrepancy  with  the  earlier  work  of  Smith  and  Wagner*  was  not  considered. 

4.3  Steel 

Steel  in  the  hardened  state  or  hard  drawn  state  is  used  for  springs  and  bearings,  in 
the  normalised  state  for  structural  components.  The  phase  changes  involve  very  large 
dimensional  changes:  8  »  10' J  linear  contraction  on  austenizing:  14  *  10'J  linear  expan¬ 
sion  on  quenching  to  martensite  and  (  >  10* J  contraction  on  full  tempering.  (Values  are 
for  if  carbon  steel.)  The  changes  on  quenching  and  tampering  do  not  usually  proceed  to 
completion,  but  will  transform  further  with  time  and  stress.  Large  residual  stresses  are 
also  present.  The  complex  nature  of  the  problem  of  rationalizing  data  on  mlcroyieldlng 
Involving  strains  of  10'*  sill  be  apparent. 

The  effect  on  the  MYS2  at  2<fiC  of  varying  the  tampering  temperature  for  the  steels  with 
carbon  contents  from  0.2  to  0.81  was  investigated  by  Muir.  Averbach,  and  Cohen*.  Negative 
strain  up  to  20  >  10'*  was  found  in  some  specimens  and  the  MYS,  was  taken  at  the  stress 
above  which  the  residual  strain  increased  continuously  la  the  positive  sense.  Load  cycling 
above  the  MTS,  produced  increments  of  residual  strain.  Results  at  all  carbon  contents 
showed  that  the  MYS.  is  low  for  as-quenched  martensite,  but  Increased  on  tempering  up  to 
4O0Pc  and  then  fell.  This  is  quite  different  from  the  behaviour  of  the  conventional 
strength  parameters  such  as  CYS.  tensile  strength  and  hardness,  which  are  initially  high 
and  decrease  on  tempering.  Typical  results  for  0  82f  carbon  steel  are  reproduced  in 
Figure  6.  The  maximum  MYS.  was  almost  independent  of  carbon  content,  st  around  100,000 
psi.  and  the  use  of  higdt  carbon  steel  la  springs  must  be  attributed  to  the  higher  CYS 
which  can  be  obtained.  Au  steeper  tag  (isothermal  transformation  at  MS^C)  gave  lower  values 
of  MYS. 

Data  on  the  MTS  of  cold  drawn  steel  wire  has  not  been  found.  Normal  practice  ie  to 
use  about  0  8*  carbon  and  convert  to  fine  pearl ite  by  isothermal  transformation  of  austen¬ 
ite  (450PC).  a  process  called  patenting.  After  cold  drawing  up  to  104  reduction  of  area, 
a  low  temperature  anneal  at  2S(fiC  ia  given  to  raise  the  0. 14  proof  *tre*a.  which  tamda  to 
be  low  in  relation  to  the  tsnalle  strength,  which  is  up  to  400.000  psi. 

The  aicrocreep  of  1.45  chromium  steel  (AISI-S^E  83100)  am  used  for  rolliat  element 
bearings  has  been  investigated  by  Milos  and  hia  co  workers15,  four  heat  treatments  were 
tried:  <t >  quench  and  teaper  at  12^C  (standard  practi'-e).  (it)  quench  and  tamper  at 
280°C.  (ill)  quench  and  t  capers  tore  cycle  ten  tinea.  -188°C  to  ♦  121®C.  <iv)  east  caper 
at  26<f C  (isothermal  traaa formation  to  baiaite).  Stability  and  creep  testa  (maximum  stress 
20,000  pmi)  were  dome  at  *3(Pc.  3SPC  and  74°C  over  1900  boars.  Stability  varied  betwema 
tlO  *  10'*  over  the  period,  with  heat  treatments  an  imd  Uv>  giving  near  aero.  Micro¬ 
creep  was  only  important  at  14°C  with  the  strains  approach! og  too  •  10'*  for  (t)  and  (ill), 
and  10  «  10'*  with  heat  treatments  (in  sad  civ).  The  presence  of  retained  austenite  was 
considered  the  main  source  of  instabilities  and  asstsaperiag  ana  recommended.  This  was 
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disputed  in  discussion  as  producing  too  low  a  hardness,  leading  to  high  wear  rates  in 
bearings.  Noraal  hardness  is  64  Rc  (300  DM)  and  austeapering  gave  only  57  Rc  (635  DPN). 

The  sicroyielding  of  noraalised  si  Id  steels  has  been  investigated  by  Hahn  and  others11 
in  connection  with  the  problen  of  brittle  fracture.  The  MYS2  was  coincident  with  the 
lower  yield  stress  in  fine  grained  naterial,  around  40.000  psi,  but  slightly  lower  than 
it  (18,000  psi  of  22,000  psi)  in  the  sane  naterial  heat  treated  to  a  coarser  grain  size. 

4.4  Beryllioa 

Berylllun  is  the  principle  structural  naterial  in  precision  gyroscopes  because  of  its 
low  density,  high  elastic  aodulus,  and  a  teaperature  coefficient  of  thernal  expansion 
aatcbed  to  steel. 

Its  aicroplasticity  has  been  extensively  explored  on  this  account  and  in  the  pursuit 
of  basic  research  by  Hughel1,12  and  by  Bonfield  and  Li’-'1*'1*.  A  short  paper  by  Ruckaan 
and  Write1*  describes  soae  work  at  the  United  Kingdoa  Atonic  Ehergy  Authority,  Alderaaston. 

Hughel  aeasured  IffS  at  62.  i^C  (and  soae  nicrocreep)  whilst  Bonfield  aeasured  MTS2  at  rooa 
teaperature.  Using  the  stress-residual  strain  law  found  by  Bonfield*.  the  difference 
between  MTS  and  UTS 2  is  about  400  psi  at  rooa  teaperature.  Variation  with  teaperature 
has  not  been  explored  explicitly,  but  it  is  probably  saall  and  a  net  difference  of  500  psi 
is  about  right.  This  is  saall  in  hot  pressed  electrolytically -polished  berylliua  with  MTS 
of  11.000  psi.  but  significant  with  annealed  speciaens  with  an  MTS  in  the  range  750-7000 
PPi . 


The  aain  conclusions  of  the  work  of  Hughel  and  Bonfield  are  as  follows: 

(1)  Standard  QNV  grade  (froa  the  Brush  Berylliua  Ooapany)  has  a  yield  stress  (0.2%) 
of  35.000  psi  and  a  MTS  of  3500  pai  when  annealed  after  final  grinding  (2  hr 
800*0*. 

The  MTS  of  hot  pressed  elect rocheaically  polished  QMV  is  11.000  psi  (Refs. 7  and 
13). 

(2)  The  scatter  of  results  Is  large.  The  block  to  block  variation  in  the  annealed 
condition  la  1500  pal,  and  within  a  block  BOO  pai  (Ref. 5). 

(3)  Surface  daaage  due  to  aachining  losers  the  MTS,  of  hot  pressed  QMV  froa  11.000 
pai  to  6000  pai;  elect  repo 1 1 shi  og  away  0  01  inch  of  the  surface  restores  the 
value1*. 

(4)  Annealing  (2  hr  BOOPC)  also  reaoves  surface  daaage  but  alters  the  dislocation 
structure  froa  a  high  density  eith  tangled  arrays  to  toe  density  eith  dispersed 
arrays.  The  NTS,  falls  froa  10.000  to  3000  pai  rtef.7). 

(5)  The  drop  of  MTS  due  to  surface  daaage  is  caused  by  tains  acting  as  stress  raisers 
rather  than  the  residual  stresses ll. 

(6)  The  alcroyu-ld  curve  obeys  the  las 


•her*  and  i  are  material  const  ants.  The  change  of  MIS  due  to  annealing 
is  due  to  change  of  c,  (froa  «000  to  BOO  pan  no.  of  the  strain  harden  log 
rate  t  (tef.T). 

A  transit  ion  in  the  yield  curve  occurs  at  higher  strains  n  10*  J0'*1  (tef.  14) 

f?)  Ifratereal  s  loops  acre  detected  above  1000  psi  la  aaaealed  seta! .  The  frictioa 
stress  (aiuch  is  iadepsadsat  of  the  strata  sensitivity)  eaa  ^  400  pai  aad 
laci eased  to  h  4000  pal  eith  saall  pre-straiaa  (too  »  10**)  aad  the*  renamed 
alsost  coast  act.  Mr  hot  pressed  berylllMt  the  frictioa  strr  *  ass  2  5000. 
lade  pend  eat  of  pre -strata1*. 
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(8)  Microcreep  tests  (called  "diaensional  stability”  DS)  by  Hughel)  carried  out  at 
95*  MYS,  62.  8°C,  show..  1  extensions  of  ^  6  «  10'*  in  500  hr  (Ref.  5). 

(9)  High  oxide  and  fine  grain  size  raises  the  MYS  frcn  3500  to  13000  psi  for  aetal 
annealed  after  final  grinding  (Ref.  5). 


5.  .ME*  MEASUREMENTS  OF  MYS  OF  BERYLLIUM 

An  investigation  of  the  aicroplasticity  of  berylliua  fro*  the  Royal  Ordnance  Factory 
(ROF)  at  Cardiff  in  no*  taking  place  at  the  British  Aircraft  Corporation,  Stevenage,  in 
conjunction  with  the  Royal  Aircraft  Establlshaent.  Farnborougb.  The  work  arose  out  of 
soae  alaraing  exaaples  of  diaensional  instability  of  gyro  components  aoae  five  years  ago 
which,  it  is  now  realised,  were  caused  by  unsyaaetrical  aachinlng  stresses  rather  than 
Inherent  disabilities  of  the  berylliua. 

Since  the  objective  is  to  build  precision  components,  rather  than  pursue  the  delights 
of  aetal  physics,  the  test  speciaens  have  usually  been  aachined  slailar  to  those  possible 
in  practice:  stress  relieved  for  1  nour  at  80 <fc  before  final  turning  of  0.0002  inch 
surface.  Fuller  details  sill  be  published  shortly.  The  results  so  far  obtained,  vhich 
are  alaost  identical  with  that  found  on  Brush  aaterial.  are  as  follows: 

(1)  Standard  grade  ROF  berylliua  (2.  5*  BeO)  has  a  MTS  cf  1070  pal  tfieo  annealed  and 
electropolished  (6  speciaens).  Electropolish  xng  did  not  have  a  significant 
effect,  but  only  0.0003  inch  was  reao. ed . 

(This  is  a  factor  of  two  down  on  Ronfield’s  results1  on  91V  aster i ala.  allowing 
500  psi  difference  between  MTS  and  MYS,.  He  reacted  0.010  Inch  before  the  MTS, 
on  hot  pressed  aaterial  increased  froa  8000  to  11,000  pal.) 

(2)  The  MYS  is  10*0  psi  alien  stress  relieved  before  final  turning  (36  speciaens). 
Tests  on  Brush  QMV  grade  obtained  for  comparison  gave  1270  pal  (22  specimens). 

O)  *lth  no  heat  treatment  the  MY6  is  1310  pal  (4  speciaens). 

Mo  polished  unheat  treated  speciaens  sere  tested,  which  Bonfield  found  to  have 
a  very  high  MTS  of  11,000  psi.  It  would  be  interesting  to  know  why  annealing 
has  such  a  large  effect  on  polished  speciaens  as  hot  pressing  appears  to 
involve  annealing  during  the  cooling  period. 

(4)  The  standard  deviation  froa  block  to  block  (7  blocks,  4  speciaens  each)  is  100 
psi.  (k>e  to  tkee  distribution  about  the  eeac  this  figure  dose  not  fully  reflect 
the  actual  scatter,  tithln  a  block  the  standard  deviation  eat  40  pal. 

(5)  The  a  tress -rest  dual  strain  curve  obeys  Bonfield's  relation 

c  =  e  ♦  Be*'*  . 

Typical  result  a  are  plotted  la  Figure  7.  The  values  of  cc  fall  betaeen  0 
add  -  500  pal. 

(The  negative  values  are  possibly  doe  to  the  sc r face  damage  present.  Mo  hot 
pressed  aaterial  alth  polished  surfaces  was  tested,  ehlch  Boafleld  found  to 
have  very  high  .  around  B000  pal  (Ref  7)  ) 

(8)  High  oalde  aaterial  (ft.H  BeO)  has  a  higher  MYS  of  2110  pal  (cf.  1040  pal)  (4 
specimens!. 

feats  oa  Brash  1400  grade  gave  4150  (3  specimens),  this  difference  is  sttrihuted 
to  ROT  material  la  this  teat  being  pressed  Iran  200  nesh  powder  whereas  the 
Brash  material  la  ISO  aaah  or  better. 
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6.  LIGAMENT  CREEP 

Ligaments  are  used  both  in  gyroscopes  and  accelerometers  to  carry  currenvs  to  the 
sensitive  eleuidt  or  pendulous  arm.  The  mechanical  restraint  has  to  be  kept  as  small 
and  as  stable  as  possible.  Recent  experience  with  a  precision  gyroscope  has  shown  that 
microcreep  in  ligaments  can  be  a  source  of  variable  drift  just  after  switching  on  and  can 
be  a  cause  of  delay  in  aligning  the  inertial  navigation  system. 

The  effect  was  observed  in  a  single-degree-of-freedom  gyro  under  test  in  the  torquer 
feedback  mode  with  the  output  axis  vertical  and  input  axis  pointing  East.  Figure  8  shows 
the  torquer  current  (converted  to  equivalent  drift  rate)  to  hold  at  null  after  the  sensi¬ 
tive  element  had  been  allowed  to  rest  on  one  or  other  of  the  stops  (set  at  a  nominal  ±2°) 
for  2  hr  or  16  hr.  The  gyro  was  kept  'unning,  so  that  no  variability  due  to  warm-up 
appears,  but  the  recorder  was  connected  in  at  the  Sturt  of  the  test.  This  introduces  a 
small  transient  which  can  be  seen  in  curve  4  for  which  the  gyro  had  been  on  null  and  was 
then  connected  to  the  recorder. 

Figure  9  shows  similar  curves  for  the  same  type  of  gyro  but  with  the  stop  freedom 
reduced  to  ±0.5°  and  the  ligament  material  changed  from  85-15  silver  copper  alloy  to  62. 555- 
go  Id -copper -silver  alloy. 

There  are  seven  hairpin -shaped  ligaments  formed  from  strips  2.5  *  10*“  inches  thick  by 
4  or  7  x  10*3  inches  wide.  They  introduce  a  torque  on  the  float  of  0.62  dyn  cm  (=  0.36°/ 
hr  drift  rate)  per  degree  of  float  rotation  for  the  silver  alloy  and  1.5  times  this  value 
for  the  gold  alloy  on  account  of  the  higher  elastic  modulus.  The  stress  varies  along  the 
ligament,  with  a  maximum  value  of  460  psi  at  the  anchorage  clips,  to  which  they  are 
soldered.  The  ligament  strip  is  received  cold  worked  and  is  formed  into  ligaments, 
annealed  (1  min  at  500°C)  and  then  quenched.  The  MY3  and  hysteresis  behaviour  is  not 
known,  but  work  is  progressing  to  further  study  and  reduce  this  effect. 
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SUMMARY 


The  spin-axis  bearing  package  is  a  Major  determinant  of  gyro  reliability 
and  performance.  Fractional  microinch  position  stability  over  extended 
time  periods,  reliably  achieved  for  tens  of  thousands  of  running  hours,  la 
required.  Whether  the  ball  bearing  thus  used  runs  successfully  on  an  elasto- 
hydrodynamic  fluid  film  or  succumbs  to  early  failure  may  be  determined  by 
whether  or  not  today’s  bearing  technology  is  applied.  This  specialized 
technology,  applicable  in  many  aspects  to  other  bearings,  has  been  developed 
over  the  past  twenty  years  and  continues  to  advance. 

Achievement  of  current  state-of-the-art  is  the  result  of  parallel  develop¬ 
ment  of  the  hearing  parameters  and  of  the  menus  for  their  evaluation.  Bearing 
metallurgy,  geometry,  groove -surface  topography  and  chemistry,  lubrication, 
ball -retainer,  contamination  control,  dynamic  behavior,  testing,  and  pro¬ 
cessing  variables  have  all  been  improved.  Particularly  significant  have  been 
the  efforts  in  surface-film-piercing  asperity  reduction,  surface-cbealstnr 
improvement,  and  lubrication-mechanism  advancement.  Also  of  major  importance 
has  been  development  or  adaptation  of  measuring  devices  to  join  with  func¬ 
tional  tests  in  evaluation  of  bearing  characteristics  and  of  potential  life 
and  performance  at  various  processing  stages. 

Continued  current  effort  in  the  areas  of  the  lubrication  mechanism,  bearing 
dynamics,  and  groove  surface  premise  further  gains  in  consistency  of  Achieve¬ 
ment  of  life  and  performance  goals.  Application  of  today's  technology  chi 
in  moat  cases,  however,  yield  the  required  thousands  of  hours  of  reliable 
operation. 
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GYRO  BALL  BEARINGS  -  TECHNOLOGY  TODAY 
Albert  P.Freeaan 


1.  INTRODUCTION 

The  gyro  spin-axis  ball  bearing  Is  unique.  At  the  heart  of  the  Inertial  guidance  ays* 
tea,  It  is  a  aajor  deterainsnt  of  perforaance  and  reliability.  Tbday's  bearing  technology 
is  the  product  of  aore  than  twenty  years  of  developaent,  though  current  practice  is  in 
aany  cases  frozen  at  a  point  dating  back  aany  years.  Use  of  the  knowledge  available  now 
can  iaprove  bearing  yield,  perforaance,  life,  and  reliability. 

1. 1  Requireaents 

The  principal  requlreaent  of  the  inertial  gyro  spin-axis  ball  bearing  can  be  stated 
very  siaply:  long  life  at  the  required  perforaance  level.  Re  can  divide  this  requlreaent 
into  two  broad  subcategories:  freedaa  froa  physical  or  cheaical  degradation  of  all  ele- 
aents  of  the  bearing  package  and  aaintenance  of  diaenaional  stability  of  the  gyroscope 
eleaent.  Depending  upon  the  application,  failure  criteria  can  range  froa  slight  deteriora¬ 
tion  of  gyro  perforaance  to  inability  of  the  wheel  to  turn  because  of  bearing  seizure. 

This  paper  is  concerned  with  bearing  perforaance  in  precision  floated  inertial  gyros  of 
the  type  shorn  in  Figure  1.  and  with  those  factors  that  influence  stability  of  the  gyro 
wheel  package.  As  indicated  by  Figure  3,  average  wheel  location  aust  be  stable  to  a  frac¬ 
tion  of  a  aicroinch,  and  aass  stability  of  other  float  eleaents  aust  be  siailarly  very 
closely  aalntained. 

In  order  to  satisfy  th.  stability  requireaents,  the  bearings  aust  be  supported  on  a 
full,  stable  elastohydrodynaalc  (ebd)  lubricant  flla.  Piercing  of  this  file  during  running 
causes  cheaical  and  physical  degradation  in  the  lubricant  and  of  the  aetal  surface,  which 
in  turn  influences  the  location  of  the  gyro  wheel.  This  sort  of  deterioration  is  pro¬ 
gressive.  as  the  debris  feraed  by  the  high-speed  aetallic  contact  leads  to  further  piercing 
of  the  flla.  The  lubricant  sludge  than  collects  beside  the  pressure  aoaes  and.  like  a 
sponge,  withdraws  the  nil  froa  the  region  in  which  it  is  needed  to  aaintaln  the  ft  la.  As 
this  node  of  failure  progresses,  bearing  torque  becoaes  erratic,  the  lubricant  vanishes, 
the  aetal  wears,  and  ultiaately  the  torque  Increases  to  the  point  st  which  the  wheel  will 
no  longer  run  at  operating  speed.  The  bearing  running  tine  between  the  onset  of  per fora - 
anew  degradation  and  wheel  failure  can  be  several  thousand  boors,  it  is  interesting  to 
note  that  aetal  fatigue,  one  of  the  classic  aodes  of  bearing  failure,  plays  essentially 
no  part  in  gyro  bearing  failure. 

Generation  and  aaintenance  of  the  ebd  fila  deaands  the  continued  existence  of  aany 
conditions.  In  operation,  the  aetal  coapooen’s  nm**  ad  balls)  aust  have  a  geoaetrlc 
fora  that  generates  the  required  ebd  flla  with  acceptable  stress  levels  over  the  entire 
pressure  tone.  The  aetal  aust  sustain  the  load  essentially  without  plastic  flow  or 
surface  daaage.  The  surfaces  aust  be  free  or  ft  la-piercing  asperities  acd  aunt  c basically 
support  a  boundary  lubricating  fila  at  low  speed  and  an  elaslohydrodm«Mc  flla  at 
operating  speed.  The  lubricant  aust  deaonstrste  the  cheaical  and  physical  properties 
needed  to  achieve  these  filas  with  acceptable  torque  levels,  aloog  with  cheaical  and 
thermal  stability.  The  hall  retainer  aust  aaintaln  a  controlled  lubricant  reservoir  tad 
circulate  this  lubricant  as  needed  for  n  full  ebd  fila,  and  run  eitb  required  stability 
at  acceptable  torque  levels.  The  envi consent  aust  be  cheaical ly.  physically,  and  theraally 
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Compatible  eith  the  beering  package.  Finally,  usd  of  'itrens*  importance,  the  bearing 
package  Bust  be  free  of  cootaainetion  that  can  cause  bearing  rfeyrsrisUen  due  to  piercing 
of  the  film. 

In  addition  to  the  deaands  just  noted,  which  are  associated  primarily  eith  retention  of 
tbe  lubricant  flla,  the  bearing  package  aust  also  demonstrate  other  properties  needed  for 
•aas  stability.  The  combination  of  geometry,  lubrication,  and  operating  parameters  must 
assure  such  factors  as 

(a)  relative  insensitivity  of  thee!  location  to  acceleration  field  variation, 

(b)  film  uniformity  and  stability  of  the  bulk  lubricant. 

(c)  stability  of  ball  group  and  retainers. 

(d)  constancy  of  bearing  torque. 

Inadequacies  in  tbe  first  group  of  paraaeters  discussed,  which  are  associated  *iif  rup¬ 
ture  of  tbe  ehd  film,  result  In  bearing  deterioration  and  gyro  performance  degradation. 

The  second  group,  associated  with  aaas  instability,  generally  influence  ‘nstrumwt  qu",Mty 
•lthout  necessarily  reducing  bearing  life  at  the  degraded  performance  level. 

Of  utmost  iaportance  in  any  discussion  of  bearing  requirements  is  processing,  or  hand¬ 
ling.  Achievement  of  th*.  tsmlc  bearing  properties  is  vitally  depends:'  upon  quality  control 
during  nanufactur*.  which  can  be  see  cup  li  shed  *ith  proper  engineering  supervision.  Reten¬ 
tion  of  thane  properties  is  then  a  as) or  battle.  The  bearing  is  *  precise  device  and  nust 
be  treated  as  such.  During  processing  from  package  to  completed  instrument,  its  integrity 
can  be  compromised  by  particulate  contamination,  chemical  coniacioation,  overbeat i eg. 
mounting  distortion,  overst resting,  scratching,  denting,  shock,  overlubrication,  under- 
lubrication.  exposure  to  corrosive  envlrooeents.  etc..  eic.  Thus,  tbe  processing  variables 
are  extremely  laportent  in  both  Initinl  achievement  of  required  i-enrm  parameters  and  in 
their  retention  during  instrument  fabrication. 

1.1  Status 

The  requirements  noted  la  Section  1.1  have  b«en  achieved.  They  can  be  achieved  con¬ 
sistently.  Qyrv  performance  of  the  highest  quality  ins  been  demonsttalel  in  tattrueenis 
that  have  accumulated  about  30.000  wheel  running  hours.  However,  as  sill  be  noted  in  sub¬ 
sequent  sections,  further  advances  can  stl 11  be  made  in  acme  areas  of  bearing  surface, 
lubrication,  and  dynamics. 

Achievement  of  today's  status  results  from  more  that.-  twenty  years  of  development  eork. 
some  phases  of  uhtch  are  still  to  progress.  Figure  3  illustrate*  this  eork.  One  of  the 
first  major  develops  wit  efforts,  initiated  la  the  late  isno**,  led  to  improved  pre  loading 
technique.  Subsequent  efforts  in  the  hearing  package  ta«e  encompassed  metallurgy,  geo¬ 
metry.  lubrication,  retainers,  surface  finish,  surface  chemistry,  dynamics,  cootatlanttan. 
manufacturing  techniques,  and  process  log  variables 

Progress  In  the  field  of  bearing  evaluation  has  been  fciloeiag  a  parallel  path  of  eqpml 
Importance,  for  example,  the  early  preloading  laprovm— t  noted  above  aas  accompanied 
by  development  of  ea  axial  yield  gauge.  Other  developments  ucltde  improved  geometric 
measurement  devices,  optical  mease  renin  t  techniques,  the  lorn-speed  dynamometer,  the  mi  ill- 
emttmeter.  the  lmbricaat-flin  electrical- ren iatar.**  gauge,  taper  sectioning,  stroboscopic 
observation,  race  counter-rotation  devices,  high-speed  torque  teeters,  amd  many  others. 

The  gyro  itself  la  one  of  the  moat  useful  bemrtug  diagnostic  devices.  H  atone  is 
capable  cf  determining  bearing  position  stability  to  tbe  required  performance  levels.  It 
also  provides  a  convenient  mamma  for  the  app Ileal  loo  of  kmoam  input?  to  the  bearing  package, 
along  with  precise  readouts  of  the  aciompanytag  bearing  behavior. 


317 


Bearing  package  evaluation  in  earl;  gyro  construction  and  test  stages  is  extremely 
important.  The  ball  bearing  is  unfortunately  quite  forgiving  on  a  short-ten  basis,  and 
early  degradation  symptoms  are  frequently  ignored.  Progressive  deterioration  can  lead 
to  later  severe  performance  degradation,  perhaps  then  the  gyro  is  the  heart  of  a  complex, 
critical,  operating  navigation  system. 

The  following  sections  of  this  paper  will  discuss  the  r  irrent  status  of  gyro  ball¬ 
bearing  technology,  with  particular  emphasis  on  areas  knevn  to  be  critical.  No  attempt 
will  be  made  to  cover  the  history  of  the  developments  :bat  have  led  to  today’s  status, 
except  where  required  for  perspective.  Due  to  the  complexity  of  the  subject,  the  treat¬ 
ment  will  be  limited  in  this  paper  and  discussion  of  each  subject  will  be  relatively  brief. 
References  providing  further  details  are  included  in  the  bibliography. 


2.  CONFIfilMTlOK 

Gyro  bearing  design  must  consider  not  only  the  normally  accepted  criteria  but  also  those 
peculiai  to  the  precision  gyro,  such  as  microst ability,  -soelasticlty.  lubrication  limita¬ 
tions,  bearing  dynamics,  and  long-term  physical  and  chemical  stability.  These  factors, 
coupled  with  specific  instrument  requirements  and  configurations,  yield  the  basic  bearing 
design.  Among  the  design  features  ar«  basic  size  and  configuration,  materials,  mounting 
method,  preload,  speed,  lubrication,  contact  angle,  race -groove  curvature  (groove-to-ball 
conformity),  inner-  or  outer-land  relief,  retainer  configuration,  and  many  others.  (The 
b-anog  nomenclature  used  here  is  defined  in  the  Appendix  on  p. 330).  Tolerances  must  also 

assigned  to  most  of  these  parameters. 

Metal  and  geometry  are  discussed  in  this  sec. loo.  with  particular  emphasis  on  adherence 
to  nominal  values,  or  tolerance  cor  '.col.  Design  criteria  leading  to  the  apeciflc  configura¬ 
tion  are  not  discussed  because  of  their  complexity  and  dependence  upon  the  detalla  of  the 
requirement*  of  the  gyro  in  question.  For  example,  depending  upon  the  acceleration  environ¬ 
ment  to  which  the  gyro  will  be  exposed  and  the  perioraance  daman**  *  during  acceleration 
(vibration  or  steady 'State  >,  critical  bearing  parameters  may  be  untact  angle,  number  of 
balls,  race-groove  curvature,  and  pee  toad.  On  the  other  hand,  torque  linitationa  say 
ciqthaalxe  basic  size,  speed,  preload,  race -groove  curvature,  atmosphere,  lubrication,  and 
retainer.  A*  these  brief  examples  point  out,  bearing  design  is  critical,  but  it  is  too 
complex  a  subject  for  coverage  here.  The  influence  of  specific  geometric  variables  on 
lubrication  and  on  bearing  dvaaaics  sill  be  discussed  in  later  sections. 

t  1  trial 

The  demand*  made  upon  the  steel  of  the  gyro  ball  bearing  differ  some'dist  from  those 
aade  on  other  more  heavily  lorded  bearings  and  are  in  sons  respects  sore  severe.  Hit  gyro 
beam*  typically  is  lightly  loaded,  with  the  maainua  Hertz  stress  generally  ia  the  vlcio- 
ity  of  Jff.ooe  lb  in**  or  less.  It  operates  is  a  noderad  t  ambient  t  cape  nature,  about  150°F 
ia  an  inert  atmosphere,  ganerally  he! tun.  after  having  been  very  carefully  processed  from 
product!  i  through  application.  Her.  then,  are  me  concerned  mith  the  properties  of  the 
steel  fro*  which  the  bearing  is  made* 

The  steel  must  satisfy  two  mgjor  requirement*.  First,  the  level  of  gyro  performance 
am  discussed  ia  Section  I  l  demand*  the  ultimate  la  mictodimenaloaal  stability,  both  under 
stress  and  unloaded,  as  well  as  over  a  eide  temperature  range  such  as  a  -f *PF  to  *33 
range  of  In -process  thermal  eye  liag  and  storage  Second,  the  ni  croat  roc  tire  must  he  inch 
us  to  pern  it  the  ready  generation  and  oaiateasnee  of  race-groove  and  *•!!  surfaces  physic¬ 
ally  and  chemically  capable  or  both  boundary  aal  eiaatohydrodymanlc  (ehd)  lubrication  under 
the  ualqae  rumaiag  conditions  of  the  gyro  bearing.  In  this  regard,  freedom  from  ehd- ft  la - 
piercing  asperities  is  eitroely  important. 

•nth  S3W0  and  440C.  the  most  commonly  used  gyro  hearing  steels,  have  demonstrated  the 
ability  to  meet  theme  requi restart*  other  s«re|s  have  also  bees  used  successfully  in  gyre 
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bearings,  such  as  M-2,  M-50,  and  TO- 19.  The  steel  mosc  commonly  used  in  gyro  bearings 
through  the  years  has  been,  by  far,  52100.  It  has  oeen  Quite  satisfactory,  but  recurring 
unpredictable  instances  of  corrosion  have  presented  a  problem.  In  the  past  several  years, 
440C  has  been  attaining  greater  popularity  for  its  resistance  to  corrosion  and  because  of 
successful  application.  Both  steels  are  readily  fabricated  to  the  required  geometry  and 
surface  finish,  in  spite  of  the  difference  in  microstructure  primarily  caused  by  the 
relatively  large  carbides  in  440C,  as  seen  in  Figure  4.  In  controlling  the  steel,  factors 
of  concern  include  the  following:  chemical  composition;  microstructure.  carbide  type, 
size,  and  distribution;  response  to  heat  treatment.  The  last,  in  turn,  encompasses  micro- 
structure,  strength,  hardness,  retained  austenite,  corrosion  resistance,  and  stability. 

Specific  precautions  are  still  warranted  in  the  selection  and  application  of  both 
52100  and  440C,  in  spite  of  the  demonstrated  ability  of  both  of  these  steels  to  yield 
successful  gyro  bearings.  These  precautions  include  the  assurance  of  freedom  of  the  steel 
from  nonmetallic  inclusion  and  control  of  processing  variables  concerned  with  heat -treatment 
and  metal- removal  operations  in  the  hardened  state. 

Hie  presence  of  inclusions  in  other  types  of  bearings  which  are  highly  stressed  is 
detrimental  because  inclusions  provide  initiation  points  for  fatigue  failure.  In  gyro 
bearings,  inclusions  are  also  a  serious  problem,  but  for  a  different  reason:  they  limit 
the  surface  achievable  for  the  generation  of  a  full  hydrodynamic  film,  are  associated 
with  film-piercing  asperities,  anu  can  cause  chemical  and  particulate  contamination  prob¬ 
lems.  These  effects  will  be  coveied  more  fully  in  Section  3;  this  section  is  more  con¬ 
cerned  with  recognition  of  the  problem  in  the  steel. 

Bearings  with  poor  surfaces  and  low  manufacturing  yield,  both  attributable  to  inclusions 
in  the  steel,  occur  in  spite  of  inspection  of  the  steel  for  cleanliness  by  accepted  rating 
methods,  e.g.,  the  JK  .Jernkonto ret)  method.  Stringers  in  the  3teel  are  particularly  diffi¬ 
cult  to  detect  by  conventional  means.  One  approach  to  an  improved  steel-rating  method  is 
to  examine  steel  surfaces  in  regions  of  the  bar  more  representative  of  the  bearing  than  the 
small  flat  sections  normally  examined.  This  is  done  by  machining  sample  bars  with  steps 
at  successively  smaller  diameters,  representing  diameters  of  the  race-groove  functional 
surfaces.  These  steps  are  then  honed  and  examined  microscopically  for  inclusions,  as  seen 
in  Figure  5.  Steel  lots  evaluated  by  both  this  technique  and  the  conventional  approach  have 
shown  the  honed  step-down  bar  evaluation  to  correlate  far  better  with  race-groove  surface 
topography  and  manufacturing  yield. 

Heat  treatment  of  the  bearing  parts  plays  a  major  role  in  establishment  of  the  previously 
noted  properties  of  the  finished  bearing,  It  is  important  not  only  to  determine  optimum 
heat- treatment  parameters  but  also  to  assure  rigid  adherence  to  the  values  selected.  For 
this,  the  testing  of  sample  pieces  is  needed. 

During  austenitization,  critical  control  often  is  required  of  the  atmosphere  and  of  the 
temperature  level  and  timing  cycle.  Important  to  quenching  are  temperature,  timing,  oil- 
bath  cleanliness,  and  agitation.  Subcooling  and  tempering  demand  control  of  timing,  temp¬ 
erature  and,  in  .some  cases,  medium.  Tests  conducted  to  assure  quality  may  include,  as 
required,  hardness,  metal lographic  examination  for  surface  modification  and  microstructure 
as  shown  in  Figure  6,  retained  austenite,  and  dimensional  stability. 

Properly  selected,  tested,  and  processed,  today's  steels  are  capable  of  the  most  rigid 
performance  requirements  demanded  of  current  gyros. 

2.  2  Geometry 

Nominal  bearing  geometry  and  variations  therefrom  play  a  major  role  in  establishing  gyro 
life  and  performance.  With  regard  to  life,  geumetry  influences  stress  levels,  thickness 
of  the  ehd  film  separating  balls  from  races,  and  lubricant  control.  With  respect  to  gyro 
performance,  geometry  influences  bearing  dynamics,  lubrication  stability,  and  response  of 
the  gyro  to  acceleration  fields.  In  addition,  geometric  tolerance  levels  influence  gyro 
producibility. 
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Che  of  the  early  major  efforts  leading  to  present  gyro  bearing  technology  was  the 
development  of  measurement  tools  and  techniques  and  then  fabrication  methods  to  achieve 
an  order -of -magnitude  improvement  in  geometric  tolerances,  from  typical  0,0002-inch 
values  to  levels  of  20  microinches.  Gyro  producibility  immediately  benefited  by  this 
improvement,  as  bearing-to-wheel  and  bearing-to-shaft  fits  became  achievable  on  a  tolerance 
rather  than  a  selection  basis.  In  addition,  preloading  certainty  improved,  as  did  bearing 
dynamic  behavior.  Bearing  life  itself,  however,  was  not  significantly  affected  until 
race-groove  geometry’  was  further  improved,  along  with  advances  in  groove  surface  character¬ 
istics,  as  is  noted  in  Section  3. 

It  is  quite  apparent  that  the  ehd  film  thickness  is  influenced  by  local  stress  levels, 
which  in  turn  are  affected  by  race-groove  runout  and  cross  curvature.  Groove  runout  itself 
is  the  product  of  various  geometric  parameters,  including  roundness,  lobing,  groove-to-face 
and  face-to-facc-  parallelism,  concentricities,  face-to-bore  and  face-to-OD  (outside 
diameter)  squareness,  and  mounting  distortions.  Bearing  manufacturing  technology  has 
advanced  to  the  point  that  runouts  can  be  held  tc  the  5-50  microinch  region.  Mounting 
dimensions  and  forces  must  be  carefully  controlled,  however,  to  prevent  significantly 
greater  runout  due  to  distortion. 

Race-groove  cross  curvature  must  also  be  closely  controlled.  Thickness  of  the  ehd  film 
in  the  pressure  zone  is  a  function  of  the  local  cross  curvature.  It  is  important  to  guard 
against  excessive  breaking  of  the  comer  at  the  conjunction  of  the  groove  and  land.  The 
resultant  rounding  or  chamfer  encroaches  on  the  pressure  zone  and  affects  the  local  curva¬ 
ture,  in  some  cases  nonun  if  or  mly  around  the  race.  Figure  7  illustrates  the  results  of 
this  edge  rounding. 

Development  of  the  Talvrond  and  a  number  of  other  roundness-measuring  machines  has  made 
reliable  measurement  of  race-groove  runout  and  cross  curvature  possible.  Thus,  the  genera¬ 
tion  and  measurement  of  geometry  to  levels  required  today  is  within  the  capability  of 
current  bearing  technology. 


3.  SURFACE 

Generation  and  maintenance  of  the  needed  ehd  film  is  a  function  of  race-groove  surface 
topography  and  chemistry.  The  surface  must  be  free  of  film-piercing  asperities  and  must 
chemically  support  a  lubricating  film.  Low-speed  boundary  luorication  similarly  depends 
upon  these  factors. 

3.  1  Topography 

Shiny  or  dull,  smooth  or  grooved?  This  question  concerning  optimum  race-groove  surface 
topography  has  been  one  of  the  most  frequently  debated  for  years.  The  smooth- surface  camp 
wants  to  maintain  the  maximum  possible  ehd-film  spacing  between  opposing  surface  peaks,  by 
reducing  hill-to-valley  height,  while  the  striated-surface  devotees  reason  that  the  valleys 
between  the  heights  provide  a  lubricant  reservoir.  Each  group  cites  convincing  data  as  the 
basis  of  its  own  cause  and  offers  various  additional  reasons  for  the  superiority  of  one 
type  of  finish  to  the  other. 

Actually,  both  types  of  surface  have  operated  successfully  for  many  thousands  of  hours 
under  the  most  rigorous  gyro-bearing  running  conditions.  On  the  one  side  have  been  mirror¬ 
like  race  grooves  generated  by  first  running  the  bearings  heavily  loaded  and  submerged  in 
ethylene  glycol;  surface-finish  readings  of  these  bearings  were  less  than  0.3  microinch. 
Coarse-finish  lapped  bearings  with  3-microinch  su r face- f ini sh  readings  have  also  run  very 
successfully.  Smooth  surfaces  generated  by  ball  lapping  and  by  honing  have  also  fared  well. 
Examples  of  these  finishes  are  seen  in  Figure  8. 

Within  reason,  average  surface  finish  does  not  appear  particularly  significant,  Indiv¬ 
idual  asperities  that  project  above  the  average  surface  can,  however,  pierce  the  ehd  film 
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and  bring  about  failure.  Returning  to  the  need  to.-  a  coarse  finish  to  maintain  a  lubri¬ 
cant  reservoir,  any  surface  that  will  wet  properly  with  the  oil  will  hold  a  sufficient 
thickness  of  lubricant  to  permit  generation  of  the  required  5-15  microinch  ehd  film. 

Let  us  examine,  then,  the  factors  that  should  influence  the  selection  of  the  race-groove 
finish.  Achievement  of  the  required  geometry,  circumferentially  and  across  the  race  groove, 
as  well  as  generation  of  surfaces  that  are  free  of  asperities  are  the  two  major  factors. 

But  we  must  also  be  concerned  with  particulate  and  chemical  contamination,  surface  integrity 
(including  freedom  from  “smear”),  the  “lay”  of  the  finishing  marks,  ease  of  inspection  and 
economics.  Some  bearing  race-groove  finishing  techniques  are  illustrated  in  Figure  9. 

Perhaps  the  most  commonly  used  finishing  technique  is  lapping  with  an  abrasive  on  a 
string,  tape,  paper,  replica,  or  other  backing.  This  approach  generally  improves  as-ground 
roundness,  but  tends  to  degrade  the  cross-groove  geometry.  It  typically  produces  a  stri¬ 
ated  surface  and  reacts  quite  sensitively  to  irregularities  in  the  metal  or  particulate 
contaminants  by  forming  comets,  as  seen  in  Figure  10.  The  grooved  surface  texture  camou¬ 
flages  raised  comets  and  other  peripheral  asperities,  thus  making  inspection  for  these 
features  more  difficult  and  expensive.  The  striated  finish,  if  accompanied  by  good  geo¬ 
metry  and  freedom  from  asperities,  contamination,  and  other  deleterious  factors,  has  been 
shown  to  yield  very  long  successful  life.  An  example  is  seen  in  Figure  11. 

Honing  the  groove  with  a  reciprocating,  shaped  abrasive  stone  is  another  common  finish¬ 
ing  method.  If  the  process  parameters  are  properly  controlled,  honing  yields  excellent 
geometry.  Finish  depends  upon  the  cycle,  choice  of  abrasive  materials,  and  honing  fluid. 
This  process  can  also  generate  raised  asperities,  and  the  surface  finish  can  range  from 
striated  to  nearly  bland.  Figure  12  shows  successive  improvements  in  finish  accompanying 
development  of  improved  honing  techniques.  This  process  can  also  yield  excellent  bearings. 

Ball  lapping  is  a  newer  process  that  involves  lapping  the  race-groove  by  an  abrasive 
slurry  and  groove- con  forming  balls  driven  by  a  rotating  cone.  This  procedure  does  not 
improve  on  the  initial  race-groove  roundness,  but  it  yields  excellent  cross  curvature, 
characterized  in  some  cases  by  an  omega  (w)  shape  whose  central  rise  is  controlled  to  keep 
it  out  of  the  pressure  zone.  Ball  lapping  yields  a  uniform  matte  finish,  as  seen  in 

Figure  13,  and  does  not  generate  raised  asperities.  This  natural  freedom  from  certain 
asperities  significantly  eases  inspection  problems.  Bearings  finished  by  this  technique 
have  demonstrated  excellent  yield  and  life. 

Other  finishing  and  run-in  techniques  have  been  used  with  varying  degrees  of  success. 

One  experimental  approach,  prerunning  with  special  fluids,  is  worth  noting  for  its  demon¬ 
stration  of  the  ability  of  a  beating  with  mirror-like  race-groove  surfaces  to  run  success¬ 
fully,  Running  heavily  loaded  bearings  at  relatively  low  speed  while  submerged  in  re¬ 
circulating  filtered  ethylene  glycol  will  generate  very  highly  polished  race-groove 
surfaces.  Such  bearings,  subsequently  tested  under  gyro  operating  conditions,  have  demon¬ 
strated  long  successful  life. 

Another  interesting  prerunning  technique  is  that  performed  in  hot  TCP  (tricresyl  phos¬ 
phate).  The  resultant  surface  appearance  is  only  slightly  charged,  but  the  bearings 
demonstrate  the  beneficial  effects  of  TCP  coating  discussed  under  Chemistry  in  Section 
3.2.  In  addition,  bearing  yield  and  life  can,  under  certain  conditions,  be  dramatically 
improved  by  this  method.  A  group  of  bearings  made  from  metal  with  a  high  inclusion  con¬ 
tent  and  conventionally  lapped  showed  a  high  incidence  of  comets.  This  group  also  demon¬ 
strated  low  yield  and  short  life.  Several  pairs  of  these  bearings  were  TCP  prerun,  and 
their  yield  and  life  were  very  dramatically  improved.  Reduction  in  the  frequency  and 
severity  of  raised  asperities  is  believed  to  be  the  principal  reason  for  this  remarkable 
improvement. 

The  importance  of  surface  topography,  which  motivated  the  work  on  improved  finishing 
methods,  has  also  led  to  significant  developments  in  the  area  of  surface-finish  evaluation. 
Flectromechanical  surface-finish  measuring  devices  have  been  improved,  as  have  the  tech- 
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niques  for  application  of  light  and  electron  microscopy.  Hie  simple  interference  micro¬ 
scope  has  been  particularly  useful,  as  seen  in  Figures  10.  13,  25  and  26. 

One  interesting  technique  for  surface  topography  evaluation  is  the  lubricant-film 
electrical -resistance  gauge  shown  in  Figure  14.  This  device  provides  for  loading  a  lubri¬ 
cated  ball  against  a  rotating  race  groove  that  drives  the  ball.  A  ball-to-race  electri¬ 
cal  circuit  provides  a  measure  of  asperity  contact  or  conjunction  by  counting  the  number 
of  occurrences  per  revolution  of  drops  in  the  electrical  resistance  below  a  pre-set  level. 
Specific  surface  features  can  also  be  evaluated  on  a  cathode-ray  tube.  Load,  speed,  and 
lubricant  are  varied.  This  device  is  limited  by  the  electrical  conductivity  of  the 
surfaces  and  asperities,  and  chemical  coatings  on  the  surfaces.  Its  use  is  generating 
further  insight  into  race-groove  surface  topography. 

Another  technique  useful  in  surface  and  immediate  subsurface  evaluation  is  taper  sec¬ 
tioning  of  races,  illustrated  in  Figure  15.  A  race  groove  is  electroplated  for  edge 
preservation,  and  a  chordal  sector  ground  off  at  a  shallow  angle.  The  resultant  section 
is  polished  and  etched  to  provide  a  mechanically  magnified  (by  virture  of  the  taper)  race- 
groove  surface  contour.  The  metal  microstructure  close  to  the  surface  can  also  be  evalu¬ 
ated  by  this  technique,  and  microhardness  readings  can  be  taken.  Such  readings  typically 
show  that  the  metal  close  to  the  surface  is  slightly  harder  than  the  bulk  of  the  race. 

Because  of  the  correlation  between  bearing  life  and  surface  topography,  this  factor  has 
been  improved  in  many  aspects.  Today’ s  bearing  technology  does  not  have  to  be  limited  by 
surface- topography  inadequacy. 

3. 2  Chemistry 

Bearing  metal  surface  chemistry  has  for  many  years  been  cited  as  a  possibly  significant 
determinant  of  bearing  performance.  For  several  years,  surface  chemistry  has  been  delib¬ 
erately  modified  to  improve  the  boundary  lubrication  capability  of  the  bearing.  It  has 
been  only  recently  determined,  however,  that  inadvertently  applied  chemical  surface  mod¬ 
ifications  can  adversely  affect  bearing  life  under  both  boundary  and  ehd  conditions. 

It  has  been  shown  that  a  lubricated  untreated  52100  or  440C  bearing  will  suffer  lubri¬ 
cant  degradation  and  surface  distress  in  a  running  period  of  less  than  one  hour  to  several 
hours  at  one  rpm  under  normal  load  conditions.  Another  interesting  phenomenon  associated 
with  the  boundary  lubrication  condition  experienced  at  very  low  speed  is  the  large  differ¬ 
ence  in  bearing  torque  among  apparently  identical  bearing  batches  received  at  various 
times.  Bearing  torque  at  one  rpm  may  vary  by  a  factor  of  three  from  batch  to  batch. 

Both  of  these  conditions  can  be  corrected  by  a  very  simple  expedient:  prolonged  hot 
soaking  of  the  metal  components  of  the  bearing  in  TCP;  the  effects  of  this  can  be  seen  in 
Table  I.  Life  at  one  rpm  then  increases  from  one  or  a  few  hours  to  several  hundred  or 
thousand  hours.  One-rpm  friction  torque  of  various  batches  of  bearings  then  group  close 
together  at  the  low  level.  It  is  thought  that  beneficial  effects  result  from  chemical 
reaction  of  the  acid  phosphates  present  as  impurities  in  TCP  with  the  steel  surface. 
Nitric-acid  passivation  of  440C  steel  surfaces  has  also  yielded  low-speed  life  longer 
than  that  achieved  with  untreated  surfaces.  Pre-running  of  bearings  in  TCP,  as  described 
in  Section  3.  1,  also  produces  the  beneficial  effects  described  above. 

Evidence  of  detrimental  surface  chemical  modification,  or  contamination  or  "poisoning”, 
is  more  recent  and  of  potentially  very  great  significance.  The  problem  was  first  recog¬ 
nized  when  two  groups  of  bearings,  which  by  all  conventional  evaluation  techniques  were 
considered  excellent,  demonstrated  early  atypical  failure  under  both  boundary  and  ehd 
running  conditions.  These  bearings  also  showed  strangely  modified  surfaces  when  prerun 
immersed  in  TCP,  as  discussed  in  Section  3.1.  Figures  16,  17,  18  and  19  illustrate  these 
phenomena. 
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The  most  effective  means  for  recognition  of  this  contamination  was  found  to  be  the  rate 
of  oil-drop  spreading  on  the  race-groove  surface;  contaminated  bearings  showed  poor  oil 
wettability.  A  spreading  test  and  typical  results  are  shown  in  Figure  20.  Investigation 
led  to  discovery  of  the  probable  cause  of  the  poisoning,  and  its  correction  led  to  the 
delivery  of  the  remaining  bearings  from  one  of  the  two  groups  in  an  uncontaminated  con¬ 
dition.  These  “clean”  bearings  have  been  used  very  successfully  in  a  gyro  build  program, 
thus  further  supporting  the  thesis. 

It  is  important  to  note  that  poor  wetting  of  the  surface  is  a  symptom  pointing  to  the 
presence  of  this  contamination,  not  necessarily  an  explanation  of  why  early  failure  occurs. 
For  example,  the  bearing  surfaces  can  be  made  to  wet  with  the  oil  by  any  of  a  few  techniques, 
such  as  immersion  in  oil  or  deposition  from  a  solvent  solution,  and  once  wet  the  oil  does 
not  spontaneously  retract  from  the  surface.  An  oil  drop  then  applied  to  a  wet  surface  will 
spread  quite  rapidly.  Most  bearings  are  used  in  this  prewetted  condition.  The  explanation 
for  failure  may  lie  in  the  difference  in  the  lubricant  properties  in  the  high-pressure  zone, 
particularly  the  behavior  of  the  molecules  next  to  the  surface. 

By  special  solvent-cleaning  techniques,  a  number  of  the  poisoned  bearings  were  rendered 
“wettable”.  These  bearings  are  demonstrating  greatly  improved  life  under  both  boundary 
and  hydrodynamic  running  conditions.  An  interesting  facet  of  this  investigation  is  the 
apparent  validation  of  an  occasionally  reported  beneficial  effect,  derived  from  aging  of 
bearings  stored  in  oil,  and  an  association  of  this  effect  with  surface  chemistry.  Briefly, 
some  of  the  poisoned  bearings  have  been  made  wettable  by  artificial  aging  (elevated- 
temperature  soaking)  in  oil,  as  shown  in  Figure  21. 

It  is  interesting  to  speculate  on  the  possible  significance  of  surface  chemistry  in  the 
age-old  problem  of  unpredictability  of  bearing-batch  behavior:  early  failure  and  low  yield 
versus  long  successful  life  from  batch  to  batch,  with  no  known  difference  in  the  bearing 
or  its  application.  Current  efforts  in  this  investigation  are  aimed  at  establishing  the 
fundamentals  concerned  with  the  effects  noted,  improved  recognition,  prevention,  rehabili¬ 
tation,  and  means  for  specifying  required  surface  chemistry.  Rudimentary  recognition 
techniques  are  known  today,  and  means  for  corrective  or  preventive  action  are  at  hand. 


4.  LUBRICATION 

The  importance  of  geometry  and  surface  to  the  generation  and  maintenance  of  a  stable 
ehd  film  has  been  discussed  in  the  preceding  sections.  Lubrication  is  the  other  significant 
factor.  Maintenance  of  the  film  demands  that  the  ball  retainer  deliver  to  the  balls  in  a 
stable  manner  the  required  amount  of  a  lubricant  with  the  needed  properties.  Stability 
of  the  film  requires  that  the  circulation  of  the  lubricant  be  controlled  to  prevent  excess¬ 
ive  local  oil  buildup  that  can  periodically  cause  film-thickness  changes,  as  discussed  in 
Section  6. 1. 

The  demand  for  stability  limits  the  total  quantity  of  oil  that  can  be  carried  in  the 
lubrication  system,  but  sufficient  oil  must  be  available  for  long  life  and  maintenance  of 
a  low-friction  coupling  between  the  balls  and  retainer.  Therefore,  control  is  needed  of 
lubricant  function,  quantity,  and  disposition.  Severe  demands  are  thus  made  on  both  the 
lubricant  and  the  retainer. 

4. 1  Lubricant 

Moat  precision  ball-bearing  gyros  use  oil  rather  than  grease  as  the  bearing  lubricant. 

The  lubricant  quantity  and  distribution  needed  to  assure  long  life  is  more  stable  in  the 
form  of  oil  impregnated  in  a  porous-plastic  ball  retainer  than  grease  packed  around  the 
balls. 

Hie  oil  used  in  most  gyros  for  more  than  twenty  years  has  been  Humble' s  Teresso  v-78, 
a  paraffinic  mineral  oil  formulated  with  an  anti-oxidant,  an  anti-foam  agent,  and  a 
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lubricity  additive.  Its  nominal  viscosity  is  78  SSU  at  2lO°F,  or  about  15  cs  at  210°P. 

This  lubricant,  formulated  originally  as  a  steam-turbine  oil,  has  performed  very  well  in 
the  gyro  application.  At  various  times  through  the  years,  comparative  testing  has  been 
performed  in  attempts  to  find  improved  oil  but  with  no  marked  success. 

Teresso  V-78  is  no  longer  being  manufactured  and  a  replacement  must  soon  be  specified. 

A  program  to  formulate  and  test  this  replacement  is  currently  underway.  The  successful 
candidate  will  be  one  of  a  family  of  lubricants  of  varying  viscosities  for  use  under 
different  operating  conditions.  The  first  approach  is  to  match  V-78  in  major  properties 
and  sensitivities,  thus  making  the  substitute  useful  in  the  wide  range  of  applications 
now  seen  by  V-78.  The  current  principal  candidate,  KG-80  (Kendall  Refining  Company),  is 
also  a  paraffinic  mineral  oil  of  approximately  the  same  viscosity  as  V-78.  It  is  commer¬ 
cially  superrefined  and  incorporates  an  anti-oxidant  (Ethyl  AO  702)  and  a  boundary  additive 
(TCP).  Preliminary  tests  are  encouraging  but  not  yet  conclusive. 

There  is  some  question  as  to  the  specific  lubrication  mechanism  that  maintains  the  ehd 
separation  of  the  balls  and  races.  One  school  presents  a  mechanical  concept  of  lubrication, 
relating  the  configuration  oi  the  ehd  film  to  bearing  and  environmental  factor^  such  as 
geometry,  speed,  temperature,  elastic  modulus,  and  load,  and  to  lubricant  physical  proper¬ 
ties  such  as  viscosity  and  viscosity-temperature  and  viscosity-pressure  relationships. 

To  this  concept,  another  school  adds  more  chemical  concerns  such  as  composition  of  the 
lubricant,  polar-component  properties,  surface  chemical  interactions,  and  effect  of  mole¬ 
cules  adsorbed  to  surfaces  on  pressure-zone  viscosity.  The  significance  of  the  chemical 
interface  of  the  lubricant  to  the  metal  is  emphasized  by  the  current  work  in  the  area  of 
surface  chemistry  noted  in  Section  3. 2. 

Additional  significant  lubricant  properties  include  thermal,  oxidative,  chemical  and 
hydrolytic  stability,  volatility,  chemical  compatibility  with  bearing  materials,  and 
surface  tension.  The  lubricant  must,  of  course,  be  able  to  withstand  fine  filtration  with¬ 
out  detriment.  It  must  also  provide  boundary  lubrication  under  low-speed  conditions. 

Teresso  V-78  provides  the  properties  for  long  successful  operation;  its  potential  replace¬ 
ment  family  hopefully  will  perform  as  well  or  better. 

4. 2  Retainer 

Gyro  performance,  life,  and  torque  requirements  demand  the  use  of  an  oil -impregnated 
porous-plastic  ball  retainer,  or  separator,  to  perform  the  dual  functions  of  ball  separation 
and  provision  of  a  lubricant  reservoir  and  control  mechanism.  As  demands  for  performance, 
life,  wheel  speed,  and  preload  become  more  Bevere,  the  demands  on  the  retainer  also  grow. 

The  most  commonly  used  retainer  material  in  the  gyro  bearing  has  traditionally  been  a 
paper  or  cloth  phenolic  laminate.  It  has  had  some  measure  of  success  under  certain  opera¬ 
ting  conditions,  but  has  proven  inadequate  for  the  more  difficult  jobs.  A  major  problem 
with  the  tubes  or  rods  from  which  phenolic  separators  are  manufactured  has  been  lack  of 
repeatability  of  physical  and  chemical  properties  from  piece  to  piece  and  even  along  the 
length  of  a  single  rod.  Because  of  the  structure  of  the  material,  the  retainer  holds  most 
of  its  lubricant  on  and  close  to  the  surface.  Oil  retention  in  normal  phenol' c-laminate 
retainers  is  only  one  to  five  percent  by  weight.  011-feed  characteristics  are  poor,  and 
it  is  difficult  to  adjust  the  lubricant  quantity  to  the  narrow  range  between  insufficient 
lubricant  to  maintain  an  ehd  film  and  excess  lubricant  resulting  in  poor  instrument 
performance. 

Porous  sintered  nylon  (Nylasint)  has  provided  solutions  to  many  of  the  problems  Inherent 
in  the  use  of  phenolic  laminates.  Nylasint  is  a  through-porous  material  with  more  than 
twenty-five  percent  total  porosity.  Figure  22  compares  laminated  phenolic  and  Nylasint 
porosity  characteristics.  In  use,  the  oil  content  le  held  to  a  value  closer  to  fifteen 
percent  in  order  to  avoid  the  oil  jag  (Sectiou  6.1)  and  migration  problems  associated  with 
excess  lubricant.  The  pore  structure  of  Nylasint  is  bimodal,  with  the  larger  pores  gener¬ 
ally  around  3.5  microns  and  the  smaller  ones  around  0.6.  Total  porosity,  pore-size 
distribution,  sling-out  characteristics,  and  strength  are  adjustable  within  fairly  broad 
limits. 
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As  a  retainer  material,  Nylasint  is  not  without  problems.  It  is  more  difficult  to 
machine  and  deburr  than  laminated  phenolic.  Its  properties  are  better  controlled  than 
those  of  the  phenolic,  but  not  as  well  as  desired,  and  it  is  weaker  and  softer  than  phenolic. 
It  is  more  subject  to  whirl  or  squeal  under  the  more  rigorous  operating  conditions  of  per¬ 
formance,  load,  and  speed  to  which  it  is  subjected  (as  discussed  in  Section  6),  though 
treatment  of  ball-pocket  surfaces  as  well  as  other  remedies  alleviate  this. 

Bearing  life  tests  and  gyro  performance  attest  to  the  marked  superiority  of  Nylasint 
over  laminated  phenolic.  Operating  Nylasint-bearing  gyros  approaching  30,000  running  hours 
are  still  showing  excellent  performance  with  no  sign  of  degradation. 

Both  the  increased  oil  quantity  and  the  through-porosity  of  the  material  contribute  to 
its  success.  A  series  of  tests  was  conducted  to  establish  the  validity  of  the  theory  that 
complete  circulation  of  the  bearing  lubricant  occurs  with  use  of  through-porous  retainers. 
Retainers  were  cut  approximately  in  half  and  recemented  with  impermeable  walls  separating 
the  two  halves,  as  shown  in  Figure  23.  Before  rejoining,  one  half  was  impregnated  with 
clear  lubricant  and  the  other  with  blue-dyed  oil.  Studies  were  made  of  the  rate  and  mode 
of  oil  circulation  as  a  function  of  running  hours  for  a  range  of  geometry,  speed,  lubricant, 
surface  treatment,  retainer  permeability,  preload,  and  ambient  pressure.  It  was  established 
that  complete  circulation  of  the  lubricant  does  occur  and  that  lubricant  transfer  takes 
place  at  the  ball -to- groove  and  tall-to-retainer  interfaces. 

Dramatic  evidence  of  the  need  for  a  through-porous  retainer  at  higher  speeds  is  seen  in 
Figure  24.  Typically,  for  a  specific  set  of  running  conditions  for  R4  bearings,  12,000  r.p.m. 
life  with  Nylasint  retainers  exceeds  20,000  hours.  With  laminated  phenolic,  it  ranges  from 
5000  to  15,000  hours;  and  with  solid  nonporous  nylon  with  oil  retention  nearly  equal  to 
that  of  the  phenolic,  it  approximates  2000  hours.  Doubling  the  speed  to  24,000  r.p.m. 
leaves  Nylasint  life  essentially  unchanged,  reduces  phenolic  life  to  about  500  to  2000  hours, 
and  drastically  cuts  life  of  solid  nylon  to  less  than  24  hours. 

It  is  interesting  to  speculate  on  the  possible  role  of  a  through-porous  separator  as 
an  oil  filter,  since  complete  circulation  of  the  oil  occurs.  Is  particulate  matter, 
initially  in  the  bearing  or  generated  on  occasions  of  momentary  asperity  contact  or  lubri¬ 
cant  degradation  products,  strained  from  the  lubricant  by  the  Nylasint’  Dark  deposits  are 
frequently  seen  in  the  ball  pockets  after  bearing  opera!  on. 

Nylasint  ball  retainers  perform  well,  but  additional  work  is  needed.  Improvement  in 
acme  properties,  as  well  as  in  quality  control,  is  desirable. 


5.  PROCESSING 

Bearing  processing,  from  completion  of  manufacture  through  gyro  construction,  must 
preserve  or  Improve  upon  bearing  built-in  quality.  In  addition,  this  quality,  as  well  as 
various  performance  parameters,  must  be  monitored  at  critical  construction  stages.  Develop¬ 
ment  of  processing  techniques  and  evaluation  means  has  played  a  major  role  in  the  evolution 
of  gyro  bearing  technology. 

5.1  Quality  Retention 

Contamination  control  is  *  critical  factor  in  bearings  that  must  maintain  a  fractional 
mlcrolnch  ehd  film  stability  and  that  do  not  have  a  frequent  fresh  supply  of  lubricant  t.o 
flush  out  debris.  Chemical,  particulate,  and  even  atmosphere  contamination  must  be  avoided. 

Chemical  contamination  of  the  metal  surfaces,  as  discussed  in  Section  3.2,  impedes  the 
maintenance  of  either  boundary  or  ehd  lubrication.  Its  prevention  is  important,  particularly 
in  final  bearing  manufacturing  and  early  instrument-processing  stages.  Exposure  to  various 
cleaning  agents  and  processing  and  storage  fluids  must,  be  evaluated  for  potential  deposition 
of  unwanted  films  or  detrimental  surface  chemical  reactions.  Housekeeping  practices  must 
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be  well  controlled  to  prevent  contaminated  fluids,  dirty  glassware,  improper  processing, 
or  human  contamination  from  affecting  the  metal  surfaces.  At  the  moment,  the  only  reason¬ 
ably  economical  nondestructive  test  for  monitoring  a  subtle  form  of  chemical  contamination 
is  the  spreading  rate  of  oil  on  the  surface. 

Particulate  contamination  is  a  more  commonly  recognized  problem,  and  at  one  point 
abrasive  contamination  during  lapping  was  the  cause  for  many  early  bearing  failures. 
Recognition  of  this  problem  by  microscopic  inspection  with  polarized  light  led  to  improved 
cleaning  techniques,  and  this  issue  has  been  largely  resolved. 

There  are  many  potential  sources  of  particulate  contamination,  as  in  bearing  manufacture, 
packaging,  instrument  construction,  in  the  solvents  or  the  lubricant,  and  from  the  ball 
retainer.  Soft  as  well  as  hard  particles  can  be  detrimental  under  the  high  pressures  of 
the  films  between  the  balls  and  races.  Ball-retainer  deburring  and  cleaning  are  particu¬ 
larly  significant  in  the  prevention  of  particulate  contamination,  especially  since  the 
retainer  remains  a  possible  source  of  contamination  throughout  the  running  life  of  the 
bearing.  Figures  25  and  26  are  examples  of  brinelling  by  soft  and  hard  particles. 

Atmosphere  contamination  refers  to  the  condition  of  the  ambient  atmosphere  in  which  the 
bearings  are  run,  both  in  test  chambers  and  in  the  final-sealed  gyro  float.  One  concern 
is  control  of  the  atmosphere  to  prevent  detrimental  chemical  changes  in  the  lubricant  or 
on  the  metal  surface.  The  other  is  retention  of  the  physical  properties  needed  for  accep¬ 
table  windage  torque,  heat  transfer,  and  float  leak  detection. 

Another  area  of  concern  in  bearing  processing  is  retention  of  bearing  geometry.  Factors 
associated  with  bearing  geometry,  potentially  affected  by  variations  due  to  processing, 
include  basic  instrument  design  sensitivities  as  well  as  bearing  dynamics  and  ehd  film 
generation  and  maintenance.  Of  obvious  concern  are  the  changes  in  race-groove  roundness 
that  occur  with  interference  fitting  of  out-of-round  shafts  or  wheels  to  round  bearing 
bores  and  outside  diameters;  a  representative  example  is  shown  in  Figure  27.  Less  obvious, 
but  equally  significant,  are  out-of-square  and  out-of-parallel  clamping  distortions. 

A  gross  geometric  change  within  the  race  grooves,  attributable  to  processing,  is  brinell¬ 
ing  due  to  overloading,  as  shown  in  Figure  28.  This  can  occur  during  faulty  preload 
application,  inadvertent  overload  due  to  fixturing  or  assembly  problems,  or  just  poor 
handling.  It  presents  a  serious  problem,  and  its  detection  is  very  important  to  prevent 
further  processing  of  bearings  that  will  fail  later  due  to  this  damage. 

5.2  In-Process  Testing 

The  extreme  importance  and  inaccessibility  of  the  bearing  package  in  the  gyro  make  it 
mandatory  that  in-process  quality-assurance  tests  be  conducted.  These  tests  must  detect 
conditions  that  might  lead  to  early  bearing  failure  or  poor  Instrument  performance. 

Various  test  methods  and  devices  have  been  developed  for  this  in-process  evaluation. 

When  the  bearing  is  accessible  in  the  unassembled  condition,  as  in  early  processing 
stages  or  in  diagnostic  testing  following  problem  detect  on.  a  wide  range  of  test  methods 
is  available.  These  include  microscopic  inspection  with  normal  or  polarized  light  and 
with  the  interference  microscope,  which  is  particularly  useful  for  recognizing  and  charac¬ 
terizing  topographic  aberrations.  Also  available  are  various  mears  for  measuring  and 
tracing  geometry  and  surface  finish.  In  addition,  a  wide  range  of  destructive  tests  can 
be  performed  for  diagnosis  or  quality  control. 

One  of  the  most  useful  test  devices  for  assembled  bearing  surface  and  lubricant  charac¬ 
terization  is  the  low-speed  dynamometer  (LSD),  illustrated  along  with  representative  traces 
in  Figure  29.  It  consists  of  a  spindle  on  which  is  mounted  the  bearing  outer  race  (or 
races  in  the  case  of  a  preloaded  bearing  pair),  a  dead-weight  axial-loading  system  for  a 
single  test  bearing,  a  means  for  rotating  the  spindle  slowly  (generally  at  1  rpm),  a 
beam  on  which  a  strain  gauge  is  mounted  to  restrain  the  inner  race  or  races  from  rotation, 
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and  a  means  for  recording  the  strain-gauge  output.  Provision  is  also  made  for  reversal  of 
direction  of  rotation,  load  and  speed  variation,  zero  setting,  and  calibration.  The 
resultant  torque  trace  tells  a  great  deal  about  the  torque  level,  metal  surfaces,  lubricant 
condition,  contamination,  and  geometry.  For  example,  a  high  hash  level  generally  charac¬ 
terizes  a  poor  surface  finish,  contamination,  or  lubricant  or  metal  degradation,  the 
specifics  of  which  are  readily  determinable  by  other  means.  Individual  trace  features 
show  metal  damage  or  dirt;  the  former  is  characterized  by  an  initial  sharp  torque  drop 
followed  by  a  rise,  whereas  the  dirt  shows  an  initial  increase.  Spacing  of  torque  dis¬ 
turbances  pinpoints  discontinuity  location  as  being  inner  race,  outer  race,  or  ball. 

The  LSD  can  be  used  following  various  critical  processing  stages  of  the  individual 
bearing  or  preloaded  pair  until  the  wheel  package  is  sealed  into  the  float.  Changes  in 
trace  character  rather  than  absolute  levels  are  monitored  as  bearing  degradation  symptoms. 
One  of  the  most  valuable  functions  of  the  LSD  is  early  detection  of  lubricant  degradation. 

It  frequently  provides  the  first  test  to  disclose  bearing  deterioration  problems  and  is 
therefore  very  important.  Perhaps  just  as  important  is  the  user’s  willingness  to  conduct 
the  test  and  act  upon  the  evidence. 

The  other  of  the  two  most  important  diagnostic  tools  is  the  recording  milliwattmeter- 
dynamometer,  generally  called  the  wattmeter  or  milliwattmeter.  The  milliwattmeter  is  used 
at  bearing  operating  speed  and  simply  provides  a  sensitive  (zero- suppressed)  trace  of  motor- 
power  input.  Assuming  a  stable  powti  supply,  variations  in  the  power  trace  reflect 
variations  in  the  bearing  torque  demand,  which  in  turn  generally  correlate  with  variations 
in  factors  influencing  gyro  wheel  axial  position.  Thus  the  wattmeter  provides  a  measure 
of  potential  gyro  performance.  Figure  30  shows  milliwattmeter  traces  representing  various 
classes  of  gyro  performance. 

A  particularly  valuable  aspect  of  the  wattmeter  is  its  usefulness  in  a  wide  range  of 
test  configurations,  including  bearings  assembled  in  a  test  fixture,  final  wheel  and  bear¬ 
ing  assembly,  sealed  float,  and  the  completed  gyro.  Thus  it  is  a  useful  diagnostic  and 
research  tool  as  well  as  a  valued  in-process  tester.  Some  of  the  specific  behavior 
patterns  monitored  by  the  wattmeter  are  discussed  in  Section  6. 

Other  test  devices  fulfill  some  of  the  same  functions  as  the  milliwattmeter.  One  is  a 
high-speed  dynamometer  which  has  a  torque  readout,  and  therefore  does  not  depend  upon  power- 
supply  stability.  Its  usefulness  extends  to  the  float  assembly  stage.  Various  other 
high-speed  torque  testers  are  in  use  both  as  research  and  production  tools. 

Another  useful  series  of  in-process  tests  is  a  group  using  wheel  runup  and  rundown  for 
bearing  and  motor  torque  evaluation.  Deceleration  at  high  speed  yields  bearing  friction 
and  windage  torque  data,  while  the  low-speed  end  is  essentially  not  influenced  by  windagtf 
torque.  Total  rundown  time  provides  a  rough  monitor  of  stability  of  running  conditions. 
These  tests  are  useful  over  s  wide  range  of  gyro  construction  steps  and  are  particularly 
useful  in  gyros  subjected  to  prolonged  or  repeated  testing.  Bearing  degradation  can  be 
detected  by  this  test  as  well  as  by  milliwattmeter  evaluation,  but  generally  not  until 
hundreds  of  running  hours  after  the  Inception  of  failure. 

Various  other  test  methods  are  useful  either  as  in-process  steps  or  as  special  diagnostic 
tests,  depending  upon  the  requirements  of  the  particular  program.  One  of  these  is  the 
mounting  of  a  wheel  package  or  float  on  a  cradle  with  vibration  pickups  and  monitoring  the 
bearing  dynamics  at  the  retainer  and  ball-group  frequency.  Some  bearing  configurations 
demonstrate  performance  particularly  correlatable  with  ball-group  frequency. 

Another  useful  test  device  is  the  inner-package  evaluator.  This  is  a  temperature- 
controlled  hydrostatic-gas-bearing-supported  horizontal  element  restrained  by  a  torque 
feedback  loop  on  which  a  bearing  package  or  float  can  be  mounted  and  the  wheel  run. 
Recordings  are  taken  of  torque  to  balance,  ball -group- frequency  vibration  amplitude  about 
the  output  axis,  and  motor-power  input.  Though  this  device  is  far  less  sensitive  and  less 
versatile  in  discerning  disturbing  inputs  than  a  completed  gyro,  it  is  very  useful. 
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Many  in-process  test  methods  are  available  for  bearing  package  evaluation,  as  shown  in 
Figure  31.  Their  usefulness  is  a  function  of  the  specific  instrument  requirements  and 
problems.  The  two  most  useful  functional  test  devices  through  the  years,  though,  have 
been  the  low-speed  dynamometer  and  the  recording  milliwattmeter-dynamoaeter. 


*>.  PERFORMANCE 

Gyro  performance  reflects,  among  other  factors,  spin-axis  bearing  package  performance. 
Some  aspects  of  bearing  dynamic  behavior  affect  instrument  precision  without  influencing 
bearing  life,  but  bearing  degradation  almost  always  causes  gyro  performance  degradation. 


6. 1  Bearing  Dynamics 

Though  many  aspects  of  bearing  dynamic  behavior  are  now  understood,  there  are  still  gaps 
in  the  understanding  of  the  fundamentals.  The  old  theories,  based  on  a  model  with  metallic 
contact  between  race  and  ball,  do  not  adequately  account  for  viscous  effects  or  for  ball- 
retainer  coupling.  Work  is  currently  underway  to  close  these  gaps. 

One  of  the  earliest  of  the  bearing  dynamics  phenomena  to  be  explained  was  the  “classical 
jag”,  or  “oil  jag”.  The  jag  was  first  seen  in  gyro  performance  as  an  abrupt  change  in 
float  balance  along  the  spin  axis,  followed  by  an  exponential  decay.  Later  development 
of  the  milliwattmeter  disclosed  the  existence  of  a  simultaneous  sharp  increase  in  motor 
power,  also  followed  by  an  exponential  return.  Microscope  observation  of  stroboscopically 
illuminated  bearings  showed  the  power  increase  to  be  accoatpanied  by  the  centrifugal  release 
of  an  oil  droplet  from  the  ball  retainer  OD  to  the  outer- race  groove.  This  is  a  brief 
version  of  an  investigation  that  spanned  several  years  in  various  places  by  various  people. 
It  is  now  apparent  that  oil  is  deposited  by  the  balls  in  the  retainer  ball  pockets  and  that 
it  runs  out  and  tends  to  collect  on  the  retainer  OD  .  When  the  centrifugal  force  on  the 
oil  drop  exceeds  that  of  the  surface  tension,  the  drop  is  thrown  to  the  outer  race.  If  it 
lands  in  the  race  groove,  it  presents  the  balls  with  a  sharp  increase  in  film  thickness. 

This  film  thickening  in  one  bearing  increases  axial  load  on  both  bearings  and  moves  the 
wheel  center  of  gravity,  thus  changing  the  gyro  float  balance.  Bearing  torque  and  there* 
fore  motor  power  also  increases,  due  to  added  viscous  drag  and  increased  load.  Equilibrium 
conditions  return  exponentially. 

As  expected,  improved  control  of  lubricant  quantity  reduced  the  severity  of  the  problem. 
Bearing  design  also  influences  jagging  incidence  and  severity.  For  example,  the  problem 
becomes  more  acute  with  a  full  outer  race  than  with  one  with  a  land  ground  off,  and  is 
alleviated  by  a  more  open  groove- to- ball  conformity. 

Another  aspect  of  bearing  dynamics  that  has  yielded  to  Investigation  is  the  interaction 
of  the  ball  groups  in  a  preloaded  bearing  pair  at  their  beat  frequency.  A  characteristic 
sinusoidal  milliwattmeter  trace  reflects  the  varying  hearing  torque  as  the  t«o  misaligned 
ball  groups  beat  with  respect  to  each  other,  and  the  effective  preload  is  increased  and 
decreased  by  the  varying  phase  relationships  of  the  larger  balls  in  the  two  ball  groups. 

In  addition,  each  ball  varies  its  speed  and  moves  across  its  ball  pocket  (at  the  beat 
frequency),  and  the  ball  retainer  center  of  g'  vity  is  driven  in  a  circular  path  around 
the  bearing  axis  (also  at  the  beat  frequency)  with  respect  to  the  ball  group.  Modification 
of  this  dynamic  behavior  can  be  achieved  by  varying  the  size  match  of  the  balls  and  their 
relative  position  in  each  bearing,  and  by  varying  basic  ball-group  size  of  one  bearing 
with  respect  to  the  other,  thus  changing  the  contact-angle  match  and  therefore  the  beat 
frequency. 

Variation  of  the  beat  frequency  occurs  as  the  direction  of  an  acceleration  (e.g.  gravity) 
is  chanced  with  respect  to  the  spin  axis.  The  wheel  mass  acted  upon  by  the  changing 
acceleration  direction  alters  the  effective  load  on  the  two  bearings  differentially,  and 
therefore  affects  their  contact  angles  and  beat  frequency 
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High-speed  ball-retsiner  whirl  (eccentric  motion  of  the  retainer  center  of  gravity 
around  the  bearing  n’.is),  and  in  a  limiting  case  squt.il,  are  serious  bearing  dynamics 
problems.  Synchronous  whirl,  or  translation  of  the  retainer  center  of  gravity  around  the 
bearing  axis  at  the  wheel  frequency,  is  not  generally  a  problem.  Its  severity  is  a  function 
of  wheel  unbalance  and  bearing  preload,  generally  occurring  only  in  lightly  loaded  bearings. 
More  serious  is  high-frequency  whirl  caused  by  ball-to-retainer  frictional  coupling,  which, 
in  generation  mechanism,  is  similar  to  journal-bearing  dry- friction  whirl.  Severe  cases 
of  this  whirl  are  accompanied  by  very  high  erratic  torque  and  in  many  cases  by  audible 
squealing  or  chirping.  This  condition  appears  on  the  milliwattmeter  as  a  power  disturbance 
with  a  high-erratic,  hashy  trace.  It  may  be  momentary  or  intermittent,  appearing  as  a 
sharp  short  power  spike,  undetectable  by  other  means.  The  squeal  condition  is  intolerable 
and,  depending  upon  its  severity,  it  is  accompanied  by  poor  gyro  performance,  excessive 
torque,  and  early  bearing  failure. 

The  best  method  of  correction  is  reduction  of  the  frictional  coupling  of  the  ball  to 
retainer,  generally  by  improved  lubrication.  In  the  case  of  the  Nylasint  retainer,  this 
can  be  accomplished  hy  salt-blasting  the  ball  pockets,  which  compacts  the  surfaces  and 
provides  better  lubrication.  Other  means  for  compacting  the  ball-pocket  surfaces  are  also 
effective. 

Another  approach  is  to  randomize  the  driving  mechanism  of  retainer  squeal.  This  can 
be  done  hy  deliberately  mismatching  ball  sizes  within  the  bearing  or  by  spacing  the  ball 
pockets  nonuniformly  in  the  retainer.  Though  effective,  these  methods  exact  a  penalty 
in  higher  bearing  torque. 

Additional  investigations  into  the  fundamentals  of  bearing  dynamics  are  in  progress. 

One  test  device  rotates  the  inner  and  outer  races  of  an  axially  loaded  bearing  in  opposite 
directions,  as  seen  in  Figure  32.  maintaining  the  ball  group  and  retainer  (when  one  is 
used)  fixed  in  space.  This  permits  microscope  observation  of  ball  motions  and  use  of 
instrumentation  to  measure  retainer  forces.  Some  tests  are  conducted  with  balls  with 
toaall  diametral  through- holes,  providing  a  preferred  ball-rotation  axis  and  an  observation 
and  analysis  tool  for  ball-motion  study.  Another  device  permits  outer-race  rotatioo  of  a 
preloaded  bearing  pair,  with  independent  tor»»  measurements  of  the  two  bearings.  It  is 
also  instrumented  for  axial  and  radial  retainer-motion  monitoring. 

Studies  conducted  with  these  test  devices  mill  disclose  fundamental  bearing  knowledge. 
Factors  being  studied  include  ball  precession,  ball  slip  as  shown  in  Figure  33.  retainer 
forces,  ball-group  speed  ratio,  retainer  dynamics,  and  bearing  torque  versus  variables  of 
apeed.  lubricant  type  and  quantity,  geometry,  load,  retainer  configuration,  metal  surface 
character  Utica,  and  others.  These  studies  will  lead  to  continued  improvident  in  gyro 
life  and  performance. 

II  0>ro  Performance 

The  gyro  itself  la  the  only  device  sensitive  enough  to  tell  whether  or  not  bearing 
perfotmance  goals  are  achieved.  In  addition,  it  is  a  very  useful  diagnostic  tool  for 
bearing  parmaeter  evaluation  and  improvement  Finally,  it  can  be  easily  monitored  to 
disclose  the  health  of  the  bearing  package  at  any  time  during  the  life  of  the  gyro 

flyro  stability,  determined  by  a  variety  of  tests  in  both  fixed  and  varying  acceleration 
fields,  combines  factors  associated  sith  and  independent  of  the  bearing  package.  Various 
means  are  used  to  separate  bearing  performance  from  other  factors.  One  common  test,  for 
example,  uses  the  gyro  to  stabilize  a  servo- controlled  turntable  in  inertial  space.  thus 
causing  the  gyro  to  tumble  in  the  earth's  gravity  field.  Repeatability  of  gyro  unbalance 
from  revolution  to  revolution  provides  a  record  of  balance  stability.  Comparl*w»  of  this 
stability  for  gravity  positions  in  which  random  motion  along  the  spin  aais  will  show  as 
torque  wcwrtaint its.  *tth  positions  not  affected  by  spin-axis  instability,  prerides  an 
indication  of  bearing  performance.  Coupling  of  this  information  with  simultantous  record¬ 
ings  of  motor  input  power  and  signal -generator  output  at  the  ball -group  frequency  provides 
a  more  complete  picture,  as  show  in  Figure  34. 
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Varzcus  other  tests  ot  float  balance  with  the  gyro  tumbling  and  in  various  fixed-gravity 
oriental  ions,  and  subjected  to  higher  vibratory  and  steady-state  acceleration  levels, 
r»veal  bearing  package  data.  In  each  case,  the  power  and  output  frequency  analyses  are 
necessary  correlative  tools.  In  fact,  these  tests,  combined  with  specific  bearing  para¬ 
meter  or  running  condition  variables,  provide  useful  design  information. 

No  ball-bearing  gyro  should  experience  severe  bearing  failure  without  warning.  As 
bearings  degrade,  they  show  very  distinctive  symptoms.  Perhaps  the  first  sign  of  impending 
bearing  failure  is  evidenced  by  gradually  degraded  performance,  particularly  with  regard 
to  spin-axis  stability.  The  milliwattaeter  trace  develops  erratic  periods  as  degradation 
progresses,  with  both  degree  of  power  variation  and  ratio  of  rough- to-smooth  trace  becoming 
greater.  Changes  say  also  occur  in  the  signal  at  the  ball -group  frequency.  lith  continuing 
degradation,  wheel  deceleration  tests  show  changes  in  both  character  and  total  rundown  time. 
The  time  from  the  first  detectable  failure  symptoms  until  appreciably  higher  power  demand 
occurs  can  amount  to  several  hundred  or  thousands  of  running  hours. 

Use  of  current  ball-bearing  technology  has  permitted  the  construction  of  gyros  demonstra¬ 
ting  performance  levels  unexcelled  by  any  other  spin-axis  suspension.  Long  life  has  also 
characterized  these  instruments,  both  in  terms  of  wheel  running  hours  and  shelf  life, 
examples  of  which  are  cited  in  Table  II.  Successful  bearing  use  does  demand,  however, 
rigorous  adherence  to  the  highest  quality  control  standards  in  both  manufacture  and  pro¬ 
cessing.  Some  of  these  standards  have  been  discussed  in  this  paper. 

It  is  expected  that  future  efforts  in  ball-bearing  technology  will  yield  further  advances 
in  both  understanding  of  fundamental*  and  development  of  improvements.  Work  is  being  per¬ 
formed,  for  exmiple.  in  the  fields  of  bearing  dynamics,  the  lubrication  mechanism,  and  the 
race-groove  and  bell  surfaces.  These  efforts  should  result  in  more  consistent  achievement 
at  lower  cost  of  currently  demonstrated  excellent  performance  and  long  reliable  life.  They 
should  also  provide  the  basis  for  meeting  even  more  rigid  requirements  in  the  future. 
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APPENDIX 

Bearing  Nomenclature 


RACE  GROOVE  CURVATURE 


RACE  GROOVE  RADIUS 
BALL  DIAMETER 


*  (00* 
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PIC’ORIAL  SCHEMATIC 
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Fig.  3  Major  areas  of  bearing  progress 


Pig. 4  Comparison  of  alcrostructure  of  440C  versus  52100  steel 
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Pig.  5  Inspection  of  aetsl  for  inclusions 
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Fig.  10  Comet  o"  bearing  inner  race-groove  surface 


Fig. 11  R4  bearing  outer-race  groove  after  10,000  hours  of  successful  operation  at 

24,000  r.p.m. 
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Pig. 12  Progress  in  honed  440C  outer  race-groove  finishes 
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Pig. 13  Typical  ball-lapped  finish,  R4  440C  inner-race  groove 
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Fig.  17  Surface  changes,  early  bearing  failure 
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AS  RECEIVED  TCP  PRE-RUN  TCP  PRE-RUN 

SURFACE  NON-WETTABLE  SURFACE  WETTABLE 


R4  BEARING  PRERUMING  CONDITIONS  IN  FILTERED  RECIRCULATING  TCP 

PRELOAD:  14  LBS  (6.4  KG)  SPEED:  30  RPM  TEMP.  130*F  (54*0  TIME  OF  RUN:  100  HRS 


Fig. 19  Surface  changes,  inner-rsce  grooves,  tricreajrl  phosphate  (TCP)  prerunning 
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Fig. 28  Detection  of  metal  damage  during  bearing  processing 


2  LUBRICANT  SURFACE  DEGRADATION  OR  ROUGH  FINISH 
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INCREASING 

TORQUE  3  PARTICULATE  CONTAMINATION  ON  BALL 


4  METAL  DAMAGE  ON  BALL 


Fig.  29  Low-speed  dynamometer  and  typical  traces 
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I  STABLE 


2  STABLE 

(Boll  group  mitolignmont) 


3.  CLASSICAL 
OIL  JAG 


4.  MOMENTARY 
SQUEAL 


6.  ADVANCED  LUBRICANT  NOTE;  POWER  SENSITIVITY  ON  TRACES  I  S 

DEGRADATION  IS  I  UNIT  /  DIV;  TRACE  6  IS  4  UNITS  /  DIV 


TIME  » 

Fig. 30  Bearing  behavior  as  seen  on  nllliwattmeter 
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Pig. 31  Bearing  evaluation  at  successive  processing  stages 


R4  BEARING,  RACES  COUNTER-ROTATING,  BALL 
GROUP  STATIONARY 


Fig.  32 


Slip  of  ball  to  race  groove,  with  fixed  retainer  nonent 
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Pig. 33  Slip  of  ball  to  inner  race  versus  axial  load  for  different  inner  race  curvatures 


AMPLITUDE  OF 
FLOAT  OSCILLATION 
AT  RETAINER 
ROTATION  FREQUENCY 


WHEEL  POWER 


GYRO  FLOAT  UNBALANCE 


Pig. 34  Correlation  of  gyro  unbalance  with  wheel  power  and  with  retainer  and  ball 

grow  notion 


The  problems  of  the  manufacture  of  three  types  of  self  pressurised  gas 
bearings  are  compared  and  the  manufacture  and  inspection  of  an  experimental 
conical  bearing  is  described.  A  proposed  design  for  a  miniature  gyroscope 
is  included. 
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CONICAL  GAS  BEARINGS  FOR 
GYROSCOPE  SPIN  AXIS  SUPPORT 

D.  Paddy  and  T.L. Ellis 


1.  INTRODUCTION 

At  the  Royal  Aircraft  Establishment  three  types  of  self-pressurised  gas  bearingB  have 
been  considered  for  spin  axis  support  of  inertial  quality  gyroscope  rotors.  They  are: 
opposed  hemispherical,  cylindrical  journal  and  flat  thrust  plate  ("H”  form)  and  conical 
bearings.  The  opposed  hemispherical  bearing  and  the  conical  bearing  have  been  investigated 
entirely  at  RAE  and  the  “H”  fora  bearing  has  been  the  subject  of  a  Government  contract 
with  the  British  Aircraft  Corporation. 

At  first  it  appeared  that  considerable  difficulties  lay  in  the  design  of  bearings  to 
provide  adequate  gyroscope  performance,  particularly  in  respect  of  stability  and  vibration 
capacity.  The  work  on  the  stability  of  bearings  both  in  the  USA  and  in  the  UK  has  resulted 
in  satisfactory  solutions  to  this  problem  in  many  cases.  Further,  the  actual  shape  (Aether 
hemispherical,  **H"  type  or  conical)  is  much  less  important  than  the  projected  area  of  the 
bearing  in  the  direction  of  the  load  and  it  can  be  assumed,  with  certain  minor  restric¬ 
tions,  that  bearings  for  gyroscope  spin  axis  support  with  satisfactory  static  and  dynamic 
performance  can  be  made  in  any  of  the  three  configurations  mentioned. 

A  considerable  number  of  papers  have  now  been  published  on  the  theoretical  aspects  of 
self-pressurised  gas  bearings  but.  apart  from  the  problem  of  bearing  surface  materials, 
relatively  little  has  been  published  on  the  practical  aspects  of  manufacture.  Considerable 
difficulties  were  experienced  with  the  manufacture  of  hemispheres,  which  seriously  incon¬ 
venienced  and  delayed  experimental  work.  Cylindrical  bearings  have  likewise  proved  time- 
consuming  and  expensive  to  manufacture.  It  baa  seemed  to  us  that  the  difficulty  and  cost 
of  manufacturing  bearings  la  delaying  their  development,  not  only  for  gyroscope  use.  but 
also  for  the  other  applications  for  which  they  are  theoretically  suitable. 

*e  concluded  that  it  would  be  best  to  concentrate  our  efforts  on  the  type  of  bearing 
that  would  minimise  the  manufacturing  problem,  both  at  the  development  stage  aud,  If 
possible,  In  production. 

The  other  problem  which  has  seriously  impeded  the  development  of  self-preesurlsed  gas 
bearings  Is  that  of  the  development  of  suitable  materials  for  satisfactory  start-stop  and 
touchdown  performance.  In  view  of  the  effort  devoted  to  this  aspect  of  the  subject  else¬ 
where  we  have,  for  the  time  being,  ignored  this  problem  and  relied  on  the  advice  of 
organisations  specialising  in  tills  field. 


S.  COMPARISON  Of  TNE  DIFFICULTIES  OF  MANUFACTURE 
OF  TMREE  TYPES  OF  BEARING 

S.l  General  Renmlrsmests 

The  three  types  of  bearing  are  shown  diagramatically  la  Figure  1.  The  ease  with  which 
a  bearing  can  be  manufactured  cannot  be  ssa eased  accurately  without  detailed  knowledge  cf 
its  dimensions  sad  a  number  of  manufacturing  trials.  However,  it  is  assumed  for  the 
purposes  of  this  coaparlson  that  the  six  principal  conditions  to  be  satisfied  are  as  follows: 
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(a)  A  minimum  of  highly  skilled  handwork,  such  as  lapping,  Bhould  be  required. 

(b)  The  nuaber  of  close  manufacturing  tolerances  should  be  reduced  to  a  mininun.  They 
are  always  easier  to  achieve  on  a  machine  than  by  hand. 

(c)  Pinal  inspection  to  gas  bearing  tolerances  is  tine-consuaing  and  expensive  and 
should  be  ninlaised.  Intermediate  inspection  is  even  more  expensive  and  should  be 
eliminated. 

(d)  It  is  difficult  to  obtain  a  good  surface  finish  (1-3  nicroinches)  at  the  same  time 
as  a  tight  dimensional  tolerance  (10  microinches).  The  requirement  to  do  both 
these  things  at  the  sane  time  should  be  avoided  as  far  as  possible. 

(e)  It  should  be  as  easy  as  possible  to  manufacture  grooves  or  pockets  for  supporting 
thrust  loads. 

(f)  The  parts  should  be  simple  and  robust  so  that  they  are  easy  to  clean  and  assemble. 

The  choice  of  the  bearing  type  which  best  satisfies  these  conditions  is  bound  to  be  con¬ 
siderably  Influenced  by  the  grinding  machinery  already  available,  unless  tine  and  resources 
are  sufficient  to  permit  the  development  of  special  purpose  machinery. 

Although  larger  machines  were  available  within  the  Royal  Aircraft  Establishment  the 
most  convenient  one  for  this  work  was  a  small  Studer  type  OB  machine,  12  years  old.  but 
in  quite  exceptional  condition.  The  machine  was  improved  by  the  addition  of  a  British 
Aircraft  Corporation  externally  pressurised  air  bearing  workhead  and  now  produces  work 
round  to  within  10-12  nicroinches. 

It  should  be  borne  in  mind,  however,  that  the  accuracy  and  surface  finish  that  can  be 
obtained  from  cylindrical  grinding  machines  modified  from  manufacturers’  standard  has 
recently  shown  signs  of  narked  improvement.  It  is  probable  that,  within  the  next  five 
years  or  so.  machines  of  a  much  higher  accuracy  will  became  available  at  prices  comparable 
with  those  of  present  day  top  quality  machines. 

The  manufacturing  requirements  and  difficulties  of  the  three  types  of  bearings  are  now 
discussed. 

S.t  *1 T  Fora  Bearings 

The  manufacture  of  these  bearings  Involves  the  following: 

(a)  Cither  the  shaft  or  the  bore  of  the  Journal  have  to  be  made  to  else  to  within  10 
nicroinches.  Normal  practice  seems  to  be  to  grind  the  shaft  between  centres  and 
to  lap  the  bore  by  hand,  checking  stralAtnees  from  time  to  time.  It  is  possible 
to  grind  the  rotor  bore,  but  this  has  not  usually  fceeo  done  as  far  as  we  are  aware. 

(b)  The  four  thrust  faces  have  to  be  made  perpendicular  to  the  axes  of  the  bore  and 
shaft  to  a  very  email  tolerance.  Three  arc  seconds  is  typical  on  miniature  bearings. 

(c)  The  length  of  the  shaft  and  bore  relative  to  each  other  have  to  be  controlled  to  an 
accuracy  of  10  aicrolncfaes  in  order  to  control  throat  plate  clearance. 

(d)  In  order  to  suppress  half  speed  whirl,  either  the  bore  has  to  be  accurately  mutilated 
hgr  loblng  or  the  shaft  Ins  to  be  helically  grooved. 

(e)  The  thrust  plates  have  to  be  spiral  grooved.  This  is  a  hlftly  developed  operation 
which  is  probably  easier  to  do  on  flat  thrust  plates  than  on  any  other  type  of 
surface. 

Of  this  list  all  stages,  except  possibly  (e).  require  hand  operations  aod/or  late.-aediate 
inspection. 


S.3  tNPamed  Banlapharas 

This  arrangement  ham  the  unique  advantage  for  single  axis  support  that  no  alternant  of 
the  bearing  surfaces  is  necessary.  It  has  also,  in  common  with  comical  beariags.  the 
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advantage  of  stability  as  the  grooves  necessary  for  thrust  support  also  serve  to  suppress 
whirl.  The  manufacturing  difficulties  are  as  follows: 

(a)  It  is  necessary  to  sake  the  sales  and  females  accurately  spherical  to  within  10  micro- 
inches  and  one  of  thea  to  size  within  10  slcroinches. 

(b)  A  straightforward  sethod  of  aeasuring  the  diameters  of  female  hemispheres  other  than 
fay  glass  masters  is  required. 

(c)  Spiral  grooves  are  more  difficult  to  sake  in  hemispheres  than  in  any  other  type  of 
surfaces.  Pockets  are  much  easier  but  give  considerably  re&iced  performance  compared 
to  grooves. 

Considerable  difficulty  has  been  experienced  with  the  manufacture  of  hemispheres  for  experi¬ 
mental  purposes  at  RAE.  They  have  been  made  mainly  tor  hand  lapping  to  glass  masters.  This 
is  a  time-consuming  and  expensive  operation  and  it  is  difficult  to  get  good  operators  to  do 
it  for  protracted  periods.  An  automatic  lapping  machine  has  been  made  but,  although  satis¬ 
factory  for  portions  of  spheres  away  from  the  polar  and  equatorial  regions,  it  has  not  given 
good  results  for  complete  hemispheres. 

Plunge  grinding  appesrs  to  be  a  much  more  promising  method  of  producing  female  hemi¬ 
spheres  economically,  but  really  requires  a  special  purpose  cylindrical  grinding  machine 
with  precise  control  of  wheel  or  workhead  centre  height. 

The  Instrumentation  Laboratory  of  the  Massachusetts  Institute  of  Technology  have  pub¬ 
lished  the  results  of  a  considerable  amount  of  work  on  bearings  of  this  type1  and  have 
developed  equipment  for  measuring  female  hemispheres  and  for  machining  spiral  grooves. 

The  methods  used  by  them  appear  to  be  expensive  and  time  consuming. 

*.4  Comical  Bear lags 

The  basic  advantage  that  conical  bearings  possess  is  that  nooe  of  the  bearing  surfaces 
have  to  be  made  to  size.  The  bearing  film  thickness  can  be  controlled  fay  adjusting  the 
length  of  a  separately  manufactured  spacer  or  soawthlng  similar.  This  means  that  an  accept¬ 
able  surface  finish  is  much  easier  to  obtain  iron  a  grinding  machine.  They  are  also  almost 
as  eaay  to  groove  as  are  flat  thrust  plates. 

Conical  bearings  share  with  hemispherical  bearings  the  advantage  already  mentioned  that 
grooves  for  thrust  support  will  also  serve  to  give  stability  to  the  Journal  and  also  that 
female  surfaces  can  relatively  easily  be  coated  with  hard  materials. 

The  tltfit  tolerances  required  are  as  rolloen: 

(a)  It  is  necessary  to  hold  the  cone  semi-angle  of  mating  male  and  feaale  cones  to 
within  g-10  arc  seconds  of  each  other  on  hearings  of  about  0.4  inch  gamers  tor 
length.  This  appears  to  be  relatively  eaay  to  do  on  a  suitable  grinding  machine 
fay  suitably  ordering  the  machining  operations. 

(b)  The  aitts  of  the  four  bearing  surfaces  have  to  be  held  coincident  with  each  other 
to  a  high  accuracy.  This  Is  much  the  moat  difficult  part  of  the  manufacture  of 
conical  bearings  but.  by  careful  use  of  mandrels  (see  Section  3).  bear lags  can  be 
aligned  to  sufficient  accuracy  without  intermediate  inspection.  Further,  this 
problem  can  be  considerably  reduced  in  some  hearing  denies. 

(c)  One  male  cone  must  be  a  very  precise  sliding  fit  onto  a  central  abaft  in  order  to 
gaintain  alignment  while  al losing  adjustment  of  the  clearance. 

I.)  Cuuparisea 

The  mala  points  of  comparison  detailed  above  are  sumaerised  is  Table  I.  ahich  indicates 
fairly  clearly  that  the  conical  deale  ban  many  advantages.  It  was  an  thin  sort  of  reason¬ 
ing  that  we  decided  to  concentrate  effort  onto  the  oanlenl  hearing. 
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At  the  tine  ‘hat  this  decision  was  sade  it  appeared  that  conical  bearings  offered  a 
sinpliclty  of  smufacture  which  had  iaaediate  advantages  for  experiaental  work  and  longer 
tens  potential  for  cheaper  production  bearings.  It  was  appreciated  that  other  organisa¬ 
tions  had  experiaented  with  this  type  of  bearing  and  finally  used  soae  other  fora  in 
production  but,  in  the  absence  of  published  inforaation  as  to  the  reason  for  this,  it  was 
felt  that  this  inforaation  had  to  be  ignored. 


3.  MACHINING  METHOD  FOK  TEST  BEARING  SURFACES 

The  problea  of  aanufacturing  conical  bearing  test  pieces  is  basically  that  of  ordering 
the  aachlning  operations  so  that  the  requireaents  of  aatched  cone  angles  and  alignaent  are 
achieved  without  any  sophisticated  setting-up  procedure. 

The  aaterials  chosen  for  the  test  pieces  were  Stellite  and  an  air  hardening  tool  steel, 
for  the  aale  and  feaale  cones  respectively.  The  latter  aaterial  was  chosen  because  spiral 
grooves  can  be  easily  etched  into  the  surface. 

The  bearing  parts  (Fig.  2)  were  aachined  to  noiaal  aachine  shop  tolerances,  and  the 
feaale  portion  was  heat  treated.  The  holes  in  the  aale  cones  were  accurately  ground  and 
lapped  to  becoae  a  fire  fit  onto  a  plug  gauge.  The  aandrel  in  the  workhead  (Fig. 3(a))  was 
also  ground  to  provide  the  aaae  type  of  fit  into  the  sale  cone  bore.  The  workhead  was  set 
at  the  required  angle  and  the  aale  cones  were  ground  to  the  required  finish  (Fig. 3(b)). 

It  is  aost  laportant  that  the  aandrel  should  not  be  aoved  until  the  aale  cone  grinding 
is  coapleted.  and  that  the  workhead  should  not  be  aoved  until  all  the  conical  surfaces  are 
finished.  The  cylindrical  aandrel  was  replaced  with  a  conical  type  (Fig. 3(c))  and  ground 
to  the  aaae  angle;  the  rotor  was  claaped  into  position  (Fig. 3(d))  and  the  exposed  cone  was 
aachined.  The  rotor  was  then  reversed  on  the  aandrel  and  the  other  feaale  aachined.  This 
procedure  should  ensure  that  the  axis  of  the  feaale  cooes  are  coincident  to  a  high  order 
of  accuracy.  Finally  the  workhead  was  re-aliped  parallel  to  the  traverse,  and  the  outside 
of  the  rotor  was  ground  concentric  with  taw  feaale  cones. 


4.  INSPECTION  METHODS 

The  Inspection  of  conical  surfaces  presents  soae  special  p rob leas.  The  aeasureaenta 
that  have  to  be  aade  are  as  follows: 

(a)  roundneas. 

(b)  surface  finish. 

(c)  straightness  of  generating  lines. 

(d)  cone  angle. 

(e)  axial  aligaaeat  of  the  aale  surfaces  and  of  the  feaale  surfaces. 

The  first  three  are  standard  inspection  procedures  cowaon  to  cylindrical  bearings  and  do 
not  need  describing.  Methods  of  Measuring  the  other  two  were  developed  in  association  with 
MAC  Inspection  Dapartaeot  and  are  described  now. 

Although  sews*  of  Manuring  conical  plug  gauges  are  well  known  sad  sore  sophisticated 
Mthods  of  aeasarlng  aaster  gauges  have  been  described  recently1.  Mae  of  those  known  to  us 
ware  suitable  for  the  laspectlon  of  feaale  surfaces.  The  principal  eqelpasnU  required  are 
an  optical  dividing  head  and  n  Thy  lor  Hobson  Mitroaic  Oosparator.  The  "Hit  runic"  was 
originally  developed  by  Ferranti  United  froa  s  gyroscope  pick-off  and  is  basically  an 
electronic  dial  gsage  capable  of  detecting  novas ts  of  2  ai crunches  (0  05  elcros).  The 
dividing  head  ts  placed  on  a  surface  table,  with  its  rotating  plate  set  perpendicular  to 
the  table  surface.  The  two  aale  cones  asseahlsd  on  their  shaft  between  css  tree  are  mated 
on  the  routing  plate  with  their  axis  parallel  to  it;  the  piste  is  rotated  until  a  cone 
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federating  line  Is  parallel  to  the  surface  table,  using  the  "Mitronic"  as  a  height  compara¬ 
tor  at  each  end  of  the  bearing  surface.  The  angle  of  the  dividing  head  is  recorded  and  the 
procedure  repeated  for  the  other  three  generating  lines  in  the  same  vertical  plane.  Prom 
this  information  both  cone  angles  can  be  deduced,  together  with  the  angular  misalignment 
of  the  cone  axes.  flus  procedure  must  be  repeated  with  the  cone  assembly  rotated  through 
a  right  angle  to  establish  the  spatial  relationship  of  the  cone  axes.  The  angular  align¬ 
ment  of  female  conical  surfaces  can  be  measured  similarly. 

There  remains  the  problem  of  establishing  the  perpendicular  distance  between  the  cone 
axes  at  one  point.  This  can  be  done  for  the  rotor,  by  rotating  it  with  one  female  surface 
separated  from  a  mating  cone  by  a  thin  film  of  oil  and  measuring  the  total  indicated  run¬ 
out  of  the  unsupported  female  cone  with  the  "Mitronic”  comparator.  The  cooes  can  be 
rotated  with  a  simple  motor,  through  a  friction  drive,  and  results  repeatable  within  5 
mlcrolnches  (0.08  micmt)  can  be  obtained.  A  similar  system  can  be  used  to  measure  the 
male  cone  assembly. 


5.  GROOVE  MANUFACTURE 

The  methods  that  have  been  investigated  at  RAE  are:  electro-chemical  etching,  chemical 
etching  and  grit  blasting.  Of  these,  electro-chemical  etching  has  now  been  abandoned 
because  it  is  considered  unnecessarily  complicated  for  gas  bearing  purposes.  Chemical 
etching  is  the  simplest  of  the  t«o  other  iiethods.  but  cannot  be  used  for  ceramic  surfaces. 
Both  methods  are  suitable  for  development  as  inexpensive  production  methods. 

A  flat  master  plate  is  etched  with  grooves  and  used  to  project  the  patters  onto  the 
bearing  surface  which  has  previously  been  coated  with  a  positive  light  sensitive  varnish 
(Fig. 4).  Ultra  violet  light  is  used  and.  after  development,  the  unexpoaed  areas  of  varnish 
are  washed  away.  The  part  is  then  submerged  in  dilute  acid  for  a  predetermined  time  to 
etch  the  grooves  to  the  required  depth.  Several  combinations  of  nitric,  hydrochloric  and 
sulphuric  acids  have  been  tried  on  hard  steel.  The  most  consistent  results  have,  however, 
been  obtained  with  a  l«  solution  of  nitric  acid  in  distilled  water,  heated  to  60%  and 
vigorously  agitated.  Oxide  residue  in  the  bottoms  of  grooves  can  conveniently  be  removed 
with  a  hard  pencil  eraser  leaving  a  clean  finish  with  sharp  edges,  but  with  a  slitfit 
tendency  to  under  cut. 

For  ceramic  bearings  a  grit  blasting  technique  has  been  developed,  tor  these,  conical 
shell  stencils  (Fig.S)  are  male  by  the  same  process  as  described  above,  except  that  the 
groove  pattern  is  etched  ri£t  through  the  stencil.  A  small  grit  blasting  machine  manu¬ 
factured  by  6.8. Mbits  and  using  fine  aluminium  oxide  powder  has  been  adapted  to  make  the 
grooves  (Fig. 6).  The  male  cone,  covered  by  the  closely  fitting  mask  is  rotated  about  its 
axis  at  about  300  rev 'min.  The  aoscle  of  the  grit  blasting  machine  is  mounted  on  an  in 
no  tbst  it  is  swept  hark  and  forth  nlang  the  surface  of  the  cone  ae  it  rotates.  In  thin 
say.  the  grit  is  distributed  uniformly  over  the  nrem  to  be  grooved.  The  main  difficulty 
that  has  so  for  been  experienced  is  that .  in  order  to  schieve  n  tolerance  of  about  120 
mlcroinches  on  groove  depth,  extreme  uniformity  is  required  of  the  bearing  material. 

This  ia  difficult  to  obtain  with  ftsae  plated  coatings,  unless  special  precautions  are 
t*w. 


g.  UWITX  Pf  Mil  MANUFACTURING  TESTS 

three  rotor  and  bearlag  assemblies  of  the  type  shown  la  figure  2  ware  menu  facta  red  kg 
the  method  described  in  Section  3.  The  first  of  those  was  made  on  an  waned  1  ft  ad  Stader  Oi 
machine  and  the  others  were  made  on  the  same  much  lee  after  it  bed  been  modified  by  the 
addition  of  the  externally  pressurised  sir  bearlag  eorkhead.  They  sere  inspected  tgr  methods 
which  very  1m  detail  from  that  proponed  for  fete  re  ba»riege  and  outlined  is  beet  lorn  t 
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The  results  are  given  in  Table  II  and  Figure  7.  The  total  indicated  run-out  measurements 
are  of  the  outside  edge  of  one  female  surface  relative  to  the  other  and  of  the  shaft  where 
it  protrudes  from  the  male  cone  relative  to  the  male  surface.  These  figures  include  the 
error  in  roundness.  The  straightness  tolerance  is  measured  over  90%  of  the  generator 
length,  so  that  edge  effects  as  the  grinding  wheel  begins  and  ends  its  cut  are  ignored. 

These  results  are  too  few  to  be  entirely  convincing,  but  indicate  that  this  type  of 
bearing  can  be  satisfactorily  made  on  a  suitable  high  precision  grinding  machine.  The 
most  difficult  problem  is  alignment  of  the  conical  surfaces  and  in  this  respect  the  chosen 
manufacturing  test  piece  was  a  severe  test.  It  is  also  possible  to  positively  lock  the 
grinding  machine  workhead  at  the  required  angle  with  a  removable  taper  peg.  A  simple 
experiment  done  recently  suggests  that  this  could  enable  the  rigid  order  of  machining 
operations  imposed  by  the  present  method  of  manufacture  to  be  abandoned.  A  further 
possibility,  arising  irom  this,  is  the  manufacture  of  shell  bearings  which  could  be 
attached  to  less  accurately  made  conical  backing  pieces  with  a  filled  resin  during  assembly. 
Alignment  of  the  shells  would  the*,  be  enforced  by  the  mating  parts. 

Although  the  surface  finish  achieved  on  hard  steel  and  Stellite  has  been  satisfretory, 
a  considerable  amount  of  time  has  been  required  to  achieve  it  Recent  grinding  t« sts  un 
flame  plated  ceramics  with  diamond  wheels  have  resulted  in  rather  unsatisfaetor  finishes. 
This,  it  is  felt,  is  a  result  of  trying  to  work  too  close  to  the  limits  of  the  grinding 
machine. 


7.  EXPERIMENTAL  RESULTS 

A  flywheel  was  added  to  the  second  rotor  assembly  and  its  radial  and  axial  compliances 
were  measured  at  a  range  of  speeds  up  to  300  cycles/second  (Fig.  A).  These  are  plotted  in 
Figure  9.  where  details  of  the  bearing  are  also  given. 

The  radial  compliance  should  be  the  same  as  the  axial  compliance  in  a  satisfactory  gyro 
spin  axis  bearing,  and  in  this  respect  the  results  are  not  good.  However,  they  are  of 
interest  because  the  attitude  angle  of  the  bearing  is  shown  to  be  very  small  at  speeds 
over  200  cycles/second.  This  would  result  in  a  very  low  cross  anisoe’astic  drift  rate, 
even  though  the  radial  compliance  is  very  high. 

The  groove  angle  and  groove  depth  of  this  bearing  are  much  too  high  and  experimental 
bearings  of  more  realistic  design  are  being  manufactured  at  present. 


8.  A  PROPOSED  DESIGN  FOR  A  SINGLE  AXIS  GYROSCOPE 

We  have  considered  as  a  design  exercise,  a  suitable  gas  bearing  for  an  inertial  quality 
miniature  gyroscope  to  meet  the  following  requirements: 

(a)  Total  weight  of  wheel  assembly,  including  motor  but  excluding  float:  50  gm. 

(b)  Angular  momentum:  105  e.g.s.  units. 

(c)  To  fit  a  cylindrical  float  of  internal  diameter:  3.6  cm. 

Two  basic  possibilities  of  external  and  internal  motor  stators  were  considered.  The 
external  stator  has  the  advantage  of  better  heat  dissipation  and  greater  simplicity  of 
bearing  design.  The  internal  stator,  on  the  other  hand,  offers  the  advantage  of  largest 
angular  momentum  for  a  given  rotor  weight.  In  fact  the  decision  to  use  an  internal  stator 
arrangement  was  taken  on  the  practical  grounds  that  a  suitable  motor  had  already  been 
developed  by  the  British  Aircraft  Corporation  for  an  "H"  form  design  and  we  know  of  no 
suitable  existing  external  stator  design  for  our  purpose. 
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Two  possible  alternative  materials  were  considered.  The  first  was  to  make  the  assembly 
(excluding  motor  parts)  from  solid  ceramic.  The  ceramic  of  which  we  have  most  experience 
is  Sintox  manufactured  by  Smith’s  Industries  Limited.  Although  it  is  of  high  porosity, 
which  results  in  a  reduced  hydrodynamic  performance,  it  has  been  shown  by  the  British 
Aircraft  Corporation  to  have  a  satisfactory  start-stop  life.  Ceramics  have,  unfortunately, 
a  very  low  thermal  conductivity,  which  makes  them  suspect  for  internal  stator  designs. 

The  design  illustrated  in  Figure  10  therefore  makes  use  of  the  second  possibility,  i.e. 
flame  plated  aluminium  alloy,  as  the  rotor  and  bearing  material.  The  thermal  properties 
of  this  material  are  good. 

The  bearing  material  to  be  deposited  ty  flame  plating  is  still  the  subject  of  experiment 
but  will  probably  be  aluminium  oxide,  although  tungsten  carbide  and  chrome  oxide  are  being 
considered  as  alternatives. 

The  main  points  of  the  design  are  as  follows: 

(a)  The  rotor  female  surfaces  are  aligned  by  grinding  both  bearings  without  moving  the 
rotor  in  the  workhead.  In  order  to  do  this  the  grinding  wheel  has  to  be  carried  on 

a  long  mandrel  to  enable  the  surface  closest  to  the  workhead  bearings  t.c  be  machined. 

(b)  The  male  cones  are  of  aluminium  shrunk  onto  a  central  non-oagnetic  stainless  steel 
tube.  One  male  cone  is  to  be  permanently  assembled  onto  the  chrome  plated  stainless 
steel  shaft  before  finish  machining.  Clearance  is  adjusted  hy  lapping  the  end  of 
the  stainless  steel  tube  on  which  the  other  cone  is  mounted.  Non-magnetic  stainless 
steel  was  chosen  because  its  high  thermal  coefficient  of  expansion  provides  a  reason¬ 
able  match  with  that  of  aluminium. 


9.  CONCLUSION 

The  results  achieved  so  far  show  the  conical  type  of  bearing  to  be  quite  promising  for 
gyroscope  spin  axis  use.  They  have  the  considerable  advantage  that  they  appear  to  be 
relatively  easy  to  make  on  the  highest  quality  of  cylindrical  grinding  machines  available. 
There  are  a  number  of  possible  ways  of  overcoming  the  alignment  problem  which  is  their 
most  serious  drawback. 

It  should  be  remembered  that  we  have  primarily  considered  the  problem  from  the  point  of 
view  of  our  immediate  manufacturing  resources.  It  has  become  clear  to  us  that  it  is 
possible  to  develop  high  quality  special  purpose  grinding  machines  suitable  for  the  manu¬ 
facture  of  any  type  of  self-pressurised  gas  bearing.  The  availability  of  such  a  machine 
might  modify  some  of  the  data  used  in  the  comparison  of  the  various  bearing  designs  in 
this  paper. 
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TABLE  II 

Results  of  Some  Manufacturing  Tests 


Cone 

semi-angle 


Rotor  Assembly  No.l 

Rotor  end  A 

30°  5'  44 

Rotor  end  B 

30°  5'  40 

Male  No.  1 

30°  5'  46 

Male  No. 2 

30°  5'  55 

(microinches 

MZC) 


tolerance 
of  generators 
( microinches ) 


Surface 

Total 

finish 

indicated 

1 microinches 

run-out 

CLA) 

(microinches  ) 

2 

Satisfactory 

2 

method  of 

measurement 

2 

not  developed 

2 

at  this  stage. 

2-3 

25 

2-3 

2 

25 

2 

100 

2-3 

*  30 

2-3 

2 

15 

2 

10 

Opposed  hemispheres 


Conical 


H  form 


Pig.  1  Types  of  bearing  for  the  support  of  gyroscope  rotors 


Fig.  2  Rotor  and  bearing  assembly  for  asnufacturing  tests 


Pig.  4  Projection  of  groove  patterns  onto  conical  shapes 


Pig.  5  Ste  11  stencil*  for  grit  blasting 


Fig.  7  Typical  roundness  and  stralshtness  charts  for  the  second  sat  of  hearings. 
(In  each  diagraa  one  aaall  division  represents  10  alcroinches) 


Pig.  8  Test  equlpMDt  and  fljrahttl  aaaaabl? 


comphante 


compliance 


Altitude 


Axial 

compliance 


Attitude 


50  100  ISO  200 

250  300 

Rotor  speed  cyciesjtec 

Scoring  oxiol  length 

0  375  in 

Grooved  length 

0*250  in 

Groove  depth 

200  p  in 

Axial  film  thickness 

200 >i  in 

Groove  angle 

50* 

Land  to  groove  ratio 

1 

n«.S  KkpvrlsMUl  remit*  for  beerlni  mrobly  No.  2 
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STRAPDOtN  GUIDANCE  COMPONENT  RESEARCH 

Richard  J. Hayes 


1.  INTRODUCTION 

Hie  major  advantages  of  strapdown  guidance  and  control  systems  over  conventional  gimbaled 
systems  have  been  cited  as  reduced  weight,  volume,  power  requirements,  cost  and  packaging 
flexibility.  Also,  it  has  been  noted  that  the  major  disadvantages  are  associated  with  the 
fact  that  high  angular  velocities  generate  performance  errors  and  the  strapdown  system 
requires  a  very  fast  computer  to  avoid  non-commutative  and  truncation  errors  in  the  attitude 
computation. 

On  the  basis  of  these  statements,  it  would  appear  that  strapdown  systems  hold  such 
significant  advantages  oyer  gimbaled  systems  that  one  would  expect  to  find  strapdown  systems 
in  wide  use  today.  However,  the  opposite  is  true.  Gimbaled  inertial  systems  still  dominate 
the  guidance  and  navigation  field  and  probably  will  continue  co  do  so  for  several  years. 

Even  though  the  rapid  advances  in  micro-electronics  in  recent  years  have  made  strapdown 
systems  technology  more  of  a  reality,  many  technical  problems  remain  to  be  solved  before 
the  advantages  cited  above  can  be  fully  realized. 

This  paper  reviews  the  results  of  research  efforts  conducted  by  the  NASA  Electronics 
Research  Center  since  1964  in  the  field  of  strapdown  guidance  and  control.  Hie  technical 
areas  discussed  in  the  paper  include  gyroscopes,  accelerometers,  test  methods,  computers 
and  electro-optical  sensors. 


2.  INERTIAL  COMPONENTS 

2.1  Major  Differences  Between  Str®r/down  and 
Gimbaled  Inertial  Techniques 

Hie  first  practical  inertia1  navigation  systems  placed  the  package  of  inertial  sensors, 
gyros  and  accelerometers  on  a  platform  surrounded  by  gimbals.  Hie  purpose  of  the  gimbals 
was  to  isolate  the  sensor  cluster  from  vehicle  angular  motion,  that  is,  to  keep  it  rotating 
in  a  prescribed  manner  relative  to  the  stars  regardless  of  the  motion  of  its  carrying 
vehicle.  The  gyros  in  this  package  sense  any  deviation  from  the  prescribed  angular  motion 
and  the  gimbals  are  used  to  return  the  cluster  of  sensors  to  its  desired  attitude. 
Accelerometers  often  perform  a  dual  function  in  gimbaled  inertial  navigation  systems.  In 
addition  to  the  usual  role  of  using  acceleration  measurements  to  compute  position  and 
velocity  changes,  these  systems  use  accelerometer  outputs  to  maintain  the  sensor  package 
orientation.  For  example,  in  a  system  operating  near  the  earth’s  surface,  accelerometers 
can  be  placed  with  their  input  axes  nominally  horizontal.  If  the  inertial  sensor  cluster 
is  tilted  from  level,  it  measures  a  component  of  gravity  and  the  accelerometer  outputs 
are  used  to  command  gimbal  rotations  until  the  instrument  platform  returns  to  a  horizontal 
orientation.  In  these  systems,  the  navigation  equations  are  usually  solved  in  the  coordin¬ 
ate  axes  defined  by  the  nominal  orientation  of  accelerometer  input  axes  and  no  resolution 
of  accelerometer  outputs  is  required  before  they  can  be  used  by  the  navigation  computer. 

In  a  space  stabilized  system,  where  the  reference  frame  is  an  inertial  frame,  the  gyros 
see  essentially  no  angular  motion.  If  the  coordinate  frame  is  a  local  vertical  frame,  it 
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must  be  commanded  by  torquing  the  gyros  at  the  vehicle’s  latitude  and  longitude  rate.  Ibis 
amounts  to,  at  most,  the  earth's  rotation  rate  of  15  deg/hr,  plus  perhaps  25  deg/hr  for  a 
transport  aircraft. 

In  strapdown  navigation  systems,  the  sensors  are  mounted  directly  to  the  vehicle  and 
sense  the  vehicle  angular  motions.  The  coordinate  frame  exists  in  the  computer  and  is 
calculated  from  the  initial  alignment  of  the  system  and  from  the  solution  of  a  matrix 
differential  equation  using  the  body  axis  angular  measurements  with  a  suitable  integration 
algorithm.  The  gyro  is  now  a  restrained  sensor  and  the  measurement  of  the  angular  motion 
is  made  by  torquing  the  gyro.  The  torquing  accuracy  can  deteriorate  for  very  high  vehicle 
rates;  however,  for  the  motions  of  most  missions,  the  torquing  must  be  done  with  an  accuracy 
of  a  few  parts  per  million. 

The  gyros  used  in  gimbaled  systems  usually  have  time  constants  that  are  much  shorter 
than  the  significant  dynamics  of  the  gimbals,  so  that  they  do  not  present  a  problem. 

Gyros  in  strapdown  systems,  however,  must  have  higher  bandwidth  for  several  reasons. 

First,  for  a  given  output  axis  inertia,  the  restraint  loop  stiffness  must  be  kept  high  to 
minimize  cross-coupling  errors.  The  gyro  error  angle  should  be  kept  small  in  the  face  of 
large  input  rates.  Second,  the  gyro  must  sense  as  much  of  the  vehicle  motion  as  possible. 

If  the  vehicle  is  coning  at  frequencies  higher  than  the  gyro  bandwidth,  it  will  appear  as 
a  constant  drift  error.  The  accelerometers  are  compensated  for  the  Coriolis  and  centri¬ 
fugal  acceleration  due  to  the  size  effect  by  using  the  measured  angular  motions  from  the 
gyros.  If  the  motion  cannot  be  followed  by  the  gyros,  then  the  accelerometer  readings 
contain  errors.  Lastly,  strapdown  navigation  systems  provide  body-axis  information  that 
could  be  used  for  autopilot  functions  as  well  as  for  navigation,  for  which  high  bandwidth 
is  desirable. 

Strapdown  systems  promise  lower  cost,  easier  maintenance  and  more  reliability  since 
one  has  the  opportunity  to  achieve  redundancy  at  the  sensor  level,  rather  than  the  system 
level.  On  the  negative  side,  removing  the  angular  motion  isolation  provided  by  a  gimbal 
structure  permits  generation  of  potentially  large  sensor  errors  and  requires  a  high  dynamic 
range  in  the  gyros.  While  single-degree-of-freedom  gyros  in  gimbaled  systems  are  restored 
to  their  nominal  state  by  corrective  rotation  of  the  sensor  package,  a  rebalance  torquing 
loop  is  required  for  each  gyro  in  the  strap-down  system.  This  torquing  loop  introduces 
several  new  sources  of  potential  gyro  error.  In  addition,  a  greatly  increased  burden  is 
placed  on  the  computer  in  terms  of  both  speed  and  size  requirements.  Calibration  of  gyro 
and  accelerometer  error  coefficients  cannot  be  achieved  by  rotating  the  gimbals  with 
respect  to  gravity  prior  to  flight.  Therefore,  in  strapdown  systems  the  stability  of  the 
error  coefficients  becomes  of  prime  importance. 

2.2  State-of-the-Art  for  Inertial  Strapdown  Sensors 

Most  existing  inertial  grade  gyroscopes  were  designed  for  gimbaled  applications  and  are 
not  directly  suitable  for  strapdown  applications.  The  characteristics  of  typical  existing 
gimbaled  gyroscopes  versus  those  characteristics  felt  desired  for  strapdown  gyroscopes 
useful  in  general  space  and  aeronautical  applications  are  illustrated  in  Table  I.  The 
figures  given  are  maximum  values. 

As  indicated  in  Table  I,  many  improvements  are  desirable  for  strapdown  gyroscopes  for 
both  aircraft  and  spacecraft  applications.  The  higher  torquing  rates  are  necessary  to 
prevent  a  loss  of  reference  during  situations  where  vehicle  tumbling  occurs.  The  scale 
factor  reduction  is  necessary  for  vehicles  that  maneuver  through  large  angles,  i.e. ,  an 
aircraft  taxiing  or  circling  for  landing.  In  addition  to  those  characteristics  listed 
in  the  table,  it  is  felt  that  strapdown  gyroscopes  goals  should  Include  the  following 
general  requirements; 

A  capability  for  in-flight  scale  factor  change. 

Gyro  failure  detection  schemes. 

Self-calibration  of  scale  factor. 


Minimum  overall  power. 

Dual  torquer  providing  compensation. 

Life  in  excess  of  50,000  hours. 

Over  10,000  start-stop  cycles  with  no  degradation  in  performance. 
Rapid  warm-up  to  stated  performance  in  30  minutes. 

TABLE  I 


Gyro  Characteristics 

Gimbaled 
(Avai  lab  le ) 

- - 

Strapdown 
( Goals ) 

Bias  stability  (deg/hr) 

0.10 

0.01 

Acceleration  coefficient  stability  (deg/hr  g) 

0.15 

0.01 

Acceleration  squared  coefficient  stability  (deg/hr  g2) 

0.04 

0.01 

Input  axis  alignment  (sec) 

7 

1 

Maximum  torquing  rate  (deg/sec) 

120 

600 

Scale  factor  linearity  (ppm) 

200 

3 

Scale  factor  stability  (ppm) 

200 

3 

Dynamic  error  linear  motions  (deg/hr  g2  r.m. s. ) 

0.04 

0.01 

Dynamic  error  angular  motions  (deg/hr) 

9.80 

_ 

0.01 

2.3  Unconventional  Strapdown  Inertial  Sensors 

Although  it  is  felt  that  single-degree-of- freedom  gyroscopes  with  characteristics  similar 
to  those  listed  in  the  previous  section  will  be  useful  in  many  space  and  aeronautical 
vehicles,  there  are  other  sensors  in  the  research  phase  which  show  high  promise  for  some 
applications.  Two  of  these  are  the  Electrically  Supported  Vacuum  Gyro  (ESVG)  and  the  laser 
Gyroscope.  The  main  attraction  of  the  ESVG  is  that  it  offers  a  natural  inertially  fixed 
reference  frame  formed  by  the  spin  axes  of  two  non- collinear  ESVG*  s.  Thus  there  are  no 
integration  errors  in  the  calculation  of  the  attitude  transformation  matrix  and  one  reads 
out  the  vehicle  attitude  directly.  In  addition,  there  are  no  angular  motion  errors  similar 
to  the  cross-coupling  or  output  axis  inertial  coupling  of  the  restrained  sensors.  However, 
the  ESVG  has  serious  limitations  in  its  ability  to  survive  in  a  severe  launch  vehicle 
environment,  a  limited  readout  accuracy,  and  undesirable  torques  caused  hy  its  electrical 
suspension  system.  The  Laser  Gyroscope  is  inherently  a  more  rugged  device  and,  while  not 
a  free  gyro,  it  does  not  have  cross-coupling  errors  and  output  axis  inertia  errors.  The 
integration  error  remains,  but  is  minimized  due  to  the  high  bandwidth  of  the  instrument. 

At  low  rates,  mode  locking  occurs  and  prevents  accurate  detection.  Additional  problems 
occur  in  bias  stability  and  linearity.  However,  using  either  mechanical  dithering  or 
Faraday  cells,  the  deed  zone  problem  has  been  drastically  reduced,  with  further  improve¬ 
ments  possible.  Some  of  the  linearity  problems  have  been  simultaneously  reduced  along 
with  the  reduction  of  the  dead  zone.  Research  is  still  needed  to  extend  the  life  of  the 
device  to  make  it  competitive  with  conventional  single-degree-of- freedom  gyroscopes.  The 
Laser  Gyroscope  has  the  most  potential  for  an  accurate,  low-cost  sensor  with  the  least 
operational  constraints,  offering  quick  warm-up,  inherently  digital  output,  easily  defined 
and  maintained  Input  axis,  as  well  as  ease  of  maintenance. 

2.4  Figure -of -Merit  Scheme  for  Strapdown  Sensors 

During  the  past  several  years,  the  NASA  Electronics  Research  Center  has  undertaken 
analytical  studies  to  develop  models  of  strapdown  gyroscopes  in  ord-ir  to  evaluate  their 
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potential  performance  and  better  understand  their  error  sources.  During  the  course  of 
these  studies,  a  figure-of-merit  scheme  has  been  developed  for  relating  the  performance 
of  gyroscopes  to  the  accuracy  of  strapdown  inertial  reference  systems^.  This  figure  of 
merit  is  independent  of  the  transformation  computation  and  thereby  provides  a  generalized 
measure  of  the  effectiveness  of  strapdown  gyroscopes. 

The  figure  of  merit  is  the  rate  of  growth  of  the  error  in  the  coordinate  transformation 
matrix  (i.e.,  the  drift  rate  of  the  computed  inertial  reference  frame)  assuming  a  perfect 
navigation  computer.  This  can  be  related  to  the  upper  bound  on  navigation  errors  arising 
from  system  misorientation.  The  usefulness  of  this  figure  of  merit  comes  frim  the  fact 
that  it  is  possible  to  express  its  growth  in  terras  related  solely  to  gyro  output  errors 
through  a  set  of  equations  that  are  easily  implemented  on  a  computer.  Consequently,  the 
figure  of  merit  is  a  useful  device  for  systematic  evaluation  of  different  gyros.  Because 
it  is  unrelated  to  the  direction  cosine  matrix  algorithm,  that  portion  of  the  strapdown 
system  need  not  be  simulated  when  comparing  angular  motion  sensors.  When  a  model  of  error 
generation  within  the  gyros  is  provided  the  figure-of-merit  growth  equations  permit 
evaluation  of  system  errors  for  a  given  mission  to  any  accuracy  desired.  Both  rate  and 
rate  integrating  gyros  can  be  treated.  Any  detail  of  gyro  operation  can  be  included. 

As  an  analysis  tool,  the  figure  of  merit  is  used  in  conjunction  with  mathematical  models 
of  gyro  dynamics  and  gyro  error  generation  mechanisms.  With  the  mission-dependent  motion 
environment  as  the  basic  input,  the  analysis  proceeds  through  calculation  of  the  error 
histories  of  the  angular  motion  sensor  cluster.  Ihe  error  histories  are  applied  to  compute 
strapdown  system  attitude  errors  to  any  accuracy  desired  through  a  set  of  non-linear 
difference  (or  differential)  equations.  A  simple  calculation  converts  the  attitude  error 
matrix  to  the  scalar  figure  of  merit.  Random  motion  environments  can  be  treated  using 
Monte  Carlo  techniques.  Of  course,  the  gyro-induced  system  errors  summarized  by  the 
figure  of  merit  are  highly  mission-dependent  and  any  choice  of  the  best  gyro  made  on  the 
basis  of  this  analysis  is  tailored  to  the  environment  described. 

In  addition  to  the  detailed  computer  examination  made  possible  by  the  figure  of  merit, 
simplification  of  the  growth  equations  permits  considerable  insight  into  the  major  effects 
of  gyro  errors  on  strapdown  system  misorientation.  Specifically,  it  demonstrates  the 
importance  of  correlations  between  errors  in  individual  gyros  and  between  errors  from 
pairs  of  gyros.  As  a  consequence  of  this  Insight,  gyro  synthesis  and  optimisation 
procedures  are  possible.  Using  simplified  models  of  gyro  dynamics  when  necessary,  the 
gyro-induced  system  errors  (as  reflected  in  the  figure  of  merit)  can  be  exprersed  as  an 
analytic  function  of  the  major  gyro  parameters.  Direct  determination  of  Uu  optimum  gyro 
is  then  possible.  Parameter  constraints  can  be  easily  imposed.  Simplifications  have  been 
used  to  permit  hand  calculations  ror  the  solution  of  simple  design  problems. 

Most  importantly,  the  figure  of  merit  and  the  equations  relating  it  ter  gyro  errors 
provide  a  powerful  strapdown  gyro  design  tool  that  can  be  used  with  any  degree  of  accuracy 
desired. 

U  Optimum  Strapdown  Seaaor  Comflgaratioma 

Ihe  design  of  an  inertial  sensor  package  for  glmbmled  systems  has  generally  been  limited 
by  the  need  for  small,  balanced  configurations  in  which  the  accelerometer  and  gyro  input 
axes  are  aligned  with  the  navigational  reference  frame.  In  strapped-down  navigation  systems, 
the  increased  computation  capability  and  Inherent  flexibility  in  packaging  make  it  possible 
to  design  the  sensor  package  for  maximum  accuracy.  For  example,  in  apace  missions,  where 
thrust  is  primarily  along  a  single  axis,  some  advantage  can  be  gained  through  the  use  of 
non-orthogonal  instrument  orientations. 

Using  a  criterion  of  minimum  mean-squared  error  at  the  end  of  navigation,  a  general 
computer  program  has  been  developed  at  NA8A/KRC  for  automatically  optimising  the  orienta¬ 
tions  to  the  sensors  relative  to  the  body  axea*.  Ihe  method  of  computation  is  illustrated 
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in  Figure  1  and  the  results  obtained  to  date  for  two  typical  space  aisslons,  using  various 
available  inertial  instruments,  are  given  in  Figure  2.  On  the  basis  of  these  results,  a 
possible  20-25%  improvement  in  performance  seeas  typical  for  unaixed  systeas.  The  study 
also  shows  that  the  inproveaent  is  alaost  entirely  due  to  a  reduction  in  the  effects  of 
gyro  errors,  and  that  the  optiaal  gyro  configuration  is  to  soae  extent  independent  of  the 
actual  instruments  and  mission.  The  optimum  configuration  shown  in  Figure  3  is  representa¬ 
tive  of  the  results  for  all  cases  investigated  on  the  deep  space  probe.  As  compared  to 
the  standard  orthogonal  configuration  (Fig. 4),  the  optimum  design  is  remarkably  different, 
with  all  output  axes  (OA)  nearly  parallel  to  the  roll  axis  and  all  input  axes  (IA)  close 
to  the  yaw-pitch  plane  (within  110°).  In  this  configuration,  the  error  is  alaost  entirely 
due  to  gyro  bias,  with  each  bias  uncertainty  contribution  6  ft/sec  to  the  midcourse  velocity 
correction. 

The  curious  result  of  Figure  3  can  be  attributed  largely  to  the  fact  that  the  nominal 
specific  force  is  always  along  the  vehicle’s  roll  axis.  In  this  case,  it  is  clear  that 
the  individual  gyro  errors  due  to  mass  unbalance  and  anisoelastlclty  are  eliminated  by 
placing  the  gyro  output  axes  along  the  roll  axis.  It  is  perhaps  not  so  clear  that  it  is 
also  desirable  to  have  all  gyro  input  axes  close  to  the  yaw-pitch  plane.  The  reason  for 
this  is  that  the  propagation  of  gyro  errors  into  position  and  velocity  errors  depends 
only  on  the  components  of  angular  error  about  axes  perpendicular  to  the  nominal  specific 
force. 

It  thus  pays  to  share  angular  lnforaatlon  about  yaw  and  pitch  at  the  expense  of  angular 
information  about  the  roll  or  thrust  axis.  The  degree  to  which  this  is  done  in  any  specific 
case  depends  on  a  secondary  effect  in  which  the  roll  indication  error  propagates  into  an 
uncertainty  yaw.  and  therehy  into  position  and  velocity  errors,  in  the  presence  of  a  nominal 
angular  velocity  about  the  pitch  axis.  The  extreme  configuration  of  Figure  3  is  thus  due 
to  the  fact  that  the  total  pitch  maneuver  in  the  two  transfer  trajectories  considered  was 
only  19-15°;  and  it  is  to  be  expected  that  the  optimum  gyro  configuration  tor  a  boost 
trajectory  would  require  a  more  accurate  indication  of  roll. 

2.6  Required  Sensor  Technology  Development  Areas 

An  important  research  area  is  the  angular-motion-induced  errors  of  the  etrapdoen  gyro¬ 
scope.  including  the  dynamic  errors  and  the  scale  factor  error.  A  better  definition  of 
the  angular  vibration  environment  of  typical  vehicles  is  required.  This  includes  informa¬ 
tion  over  a  wide  frequency  range  and  also  on  the  correlation  of  motions  beteeeo  body  axes. 
Information  about  the  motion  in  various  locations  of  the  vehicle  is  required  also.  To 
estimate  the  dynamic  errorr.  an  analytical  model  of  the  response  of  the  nonlinear  pulse 
rebalanced  etrapdoen  gyroscope  has  been  the  subject  of  NASA'DC  analytic  studies.  Methods 
of  reducing  dynamic  errors  include  selection  of  opt  lams  gyroscope  parameters,  compensation 
of  the  rebalance  loop  with  electronic  circuits,  compensation  by  use  of  angular  acceleration 
sensors  or  use  of  the  output  axis  suspension  to  generate  angular  acceleration  information. 

The  scale  factor  error  requires  study  or  each  element  of  ths  gyro  and  its  rebalance 
loops  The  choice  of  ebich  type  of  loop.  l.t. .  teo-level.  three -state  or  pulse  width 
modulated,  it  dependent  on  both  dynamic  consideration  ns  eel  1  ns  ebich  gives  better  bias 
stability,  scale  factor  stability  sod  non- linearity. 

The  gyro  torquer  design  involves  optimal  use  of  geometry  end  Investigation  of  materials 
for  magnetic,  thermal  and  structural  properties.  The  torquer  should  have  stable  magnetic 
properties  with  ease  of  aanufacture  and  a  simple  stabilisation  procedure  as  Important 
considerations  Qyro  torqulsg  eas  recognised  as  s  problem  in  bitfi  performance  g labeled 
gyros  because  of  the  resulting  thermal  unbalance.  Strspdown  gyroscopes  are  especially 
sensitive  to  this  error  because  of  the  high  angular  rates  the  gyro  sees.  This  presents  s 
good  argument  for  s  constant  poser  restraint  loop  sad  also  requires  the  torquer  to  be 
designed  for  the  aexlaun  torque  with  aiaiaun  poser  as  n  constraint. 
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Use  of  gas  lubricated  bearings  for  the  support  of  the  rotor  of  a  strapdown  gyroscope 
is  prompted  by  the  reduction  in  aecbanical  noise  and  the  absence  of  wear  between  the  moving 
surfaces.  The  bearings  aust  provide  enough  torsional  stiffness  such  that  the  rotor  does 
not  touch  the  stationary  portion  of  the  bearing  when  the  instrument  is  subjected  to  angular 
velocities.  In  addition,  the  aaount  of  power  required  to  drive  the  wheel  should  be  kept 
at  a  ainiaua  and  the  design  should  include  low  anlsoelastic  torques.  The  speed  of  the 
wheel  should  be  kept  high  in  order  to  get  naxiaua  angular  aoaentua,  which  gives  lower  drift, 
and  the  output  axis  inertia  can  be  kept  saall,  ainiaizing  the  angular  notion  error  due  to 
output  axis  coupling. 

Attention  has  been  given  to  the  aethod  of  suspending  the  gyroscope  about  the  input  axis. 
Subjecting  a  single-degree-of-freedoa  gyroscope  to  angular  rates  about  its  output  axis 
causes  the  gyro  to  precess  about  its  input  axis.  With  no  restraint  against  this  notion, 
rubbing  can  occur  and  the  subsequent  friction  about  the  output  axis  can  be  a  significant 
gyro  error.  Methods  of  restraint  Include  wires,  high-frequency  fluid  punping  in  the 
vicinity  of  the  output  axis  pivot,  and  the  electroaagnetic  tuned  suspension  systems. 

One  of  the  advantages  of  strapdown  systeas,  the  ability  to  replace  a  failed  sensor  easily, 
leads  to  the  iaportant  developaent  areas  of  aounting  and  alignaent  techniques.  Since  the 
sensor  cannot  be  aligned  in  the  vehicle  by  suitable  orientations  to  a  known  input,  techniques 
are  beiug  developed  to  assure  that  gyroscopes  can  be  prealigned  and  normalized.  Experiments 
are  underway  to  evaluate  the  stability  and  repeatability  of  a  aounting  scheae  using  a  sleeve 
that  fits  onto  a  post  having  several  stages  with  increasingly  tighter  fits  encountered  as 
the  instruaent  is  aounted. 

An  iaportant  error  source  that  is  not  generally  considered  Involves  the  rotor  being 
uncoupled  rotational ly  when  the  case  is  subject  to  oscillatory  angular  notions  about  the 
spin  axis.  The  paraaeters  of  the  aotor  rotor  coupling  such  as  stiffness  and  damping,  are 
critical  in  deteraining  this  error  source.  How  these  paraaeters  are  affected  by  the  motor 
paraaeters.  such  as  magnetic  field  strength,  saturation  levels  and  geoaetry  are  being  studied. 

The  gyro  bias  error  arises  aainly  from  the  flex  leads,  that  carry  the  aotor  current 
through  the  damping,  and  from  magnetic  interactions  between  the  gyro  aotor,  alcroayns. 
torquer  and  any  magnetic  materials  in  the  gyro,  ly  careful  attention  to  materials  and 
their  treatment,  as  well  as  by  good  design,  these  errors  can  be  reduced.  The  acceleration- 
sensitive  errors  cone  in  part  from  fluid  torques,  so  that  thenal  design  is  an  iaportant 
part  of  the  total  gyro  design.  Material  dimensional  stability  and  aicrocreep  character¬ 
istics  are  iaportant  in  minimising  this  error  source  as  well.  The  acceleration  squared 
errors  are  due  aainly  to  anisoelasticity  in  the  bearing  and  this  is  an  iaportant  part  of 
the  bearing  design. 

An  laportent  part  of  gyro-error  coefficient  stability  is  a  statistical  description  of 
coefficient  behavior.  With  good  statistical  models  of  the  coefficients,  the  calibration 
problem  is  aade  easier,  since  a  measurement  of  gyro  drift  in  a  vehicle  can  be  assigned  to 
a  particular  error  source  with  some  degree  of  confidence. 

In  addition  to  Improving  the  performance  of  gyroscopes  for  etrapdowi  applications,  the 
aethod  of  testing  Inertial  instruments  hie  alao  received  attention  Sane  of  the  recent 
advances  in  this  field  are  discussed  in  the  next  section. 


3.  INEtTtAL  STKAPMtM  TEST  I  NO  TECMNIQUES 
3. 1  fleaeral 

Strapdovn  inertial  systea  testing  la  a  coaplex  task  requiring  thorough  analysis  of  test 
objectives,  test  techniques,  test  equipment  and  data  processing  methods. 
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A  strapdown  system  test  must  include  both  sensor  assembly  and  flight  computer,  and 
progressive  tests  must  be  made  from  the  sensor  level  to  complete  system  environmental 
levels.  General  categorization  of  these  tests  would  be 

static  component  calibration, 
dynamic  component  calibration, 
system  level  component  calibration, 
transformation  computer  checks, 
static  system  tests, 
dynamic  system  tests, 
system  environmental  tests. 

The  complete  system  test  is  basically  a  calibration  of  the  coefficients  used  in  the 
analytical  model.  This  involves  experimental  evaluation  of  the  random  variations  of  the 
model’s  coefficients. 

Not  only  is  the  system  performance  demonstrated  but  also  the  evaluation  is  made  of 
each  known  error  source  and  its  contribution  to  the  total  system  error.  System  errors 
must  be  evaluated  ultimately  with  the  hardware  in  system  configuration,  even  though  com¬ 
ponents  have  been  tested  individually,  in  order  to  determine  the  effects  of  structural, 
thermal,  and  electrical  coupling  on  the  magnitudes  and  characteristics  of  errors. 

Total  system  errors  are  determined  by  testing  in  the  desired  kinematic  environment  and 
differencing  the  system’s  output  of  attitude,  velocity,  and  position,  with  test  reference 
measurements  of  the  same  quantities. 

The  types  of  restricted  environment  tests  that  are  conducted  to  define  magnitude  and 
characteristics  of  system  error  sources  include: 

(1)  Single  Channel  Testing  -  Constant  Input  -  consisting  of  a  series  of  known  inputs 
of  rate  and  acceleration  to  the  inertial  sensor  unit. 

(ii)  Single  Channel  Testing  -  Vibratory  Input  -  Consisting  of  a  series  of  known  vibra¬ 
tory  inputs  of  rate  and  acceleration  to  the  inertial  sensor  unit. 

(ill)  Coupled  Sensor  Testing  -  Vibratory  Input  -  Consists  of  a  series  of  vibratory 

inputs  applied  to  the  sensors  and  near-perfect  c<r.;.ui  at  tonal  processing  of  their 
outputs.  Errors  measured  in  single  channel  tests  must  be  subtracted  from  the 
outputs  of  this  test. 

(iv)  Computer  Program  Testing  -  Verification  that  the  computer  program  performs  as 

desired  by  comparing  a  known  Input  to  a  known  output.  A  sensor  package  simulator 
is  employed  in  order  to  precisely  control  the  input. 

(v)  Coupled  Sensor  and  Computer  Testing  -  vibratory  Input  -  Consisting  of  input 

environments  generated  hy  an  angular  saddle  shaker  and  a  combined  angular  /'linear 
shaker.  If  effects  of  coning  are  to  be  investigated,  a  multi-axis  rate  table  is 
required.  Input  frequency  extends  through  the  bandwidth  oi  the  sensors. 

In  addition  to  the  limited  environment  component  and  subsystem  tests  it  is  necessary  to 
verify  that  all  system  errors  are  recognized  and  accounted  for.  This  entails  a  realistic 
laboratory  environment  simulating  the  intended  flight  environment: 

(1)  For  Airplane  Applications  -  Requires  a  multi-axis  rate  table  capable  of  low 
frequency,  large  amplitude  motion  with  low  frequency  angular  vibrations  super¬ 
imposed.  Mounting  a  linear  shaker  on  this  table  would  provide  further  realism. 

(11)  For  Space  Applications  -  Added  capability  of  the  multi-axis  table  to  provide  the 
angular  motion  simulating  spacecraft  on  Interplanetary  missions  during  non- 
thrusting  phases. 

(ill)  For  Boost  and  Injection  -  A  centrifuge  with  the  sensor  package  mounted  on  a 
counter-rotating  table  is  a  reasonable  simultatlon. 


384 


The  guidance  facility  of  the  NASA  Electronics  Research  Center  has  started  development 
of  the  multi-axis  test  table  and  angular  vibration  equipment  required  for  system  testing. 

At  present,  the  capability  is  limited  to  the  single  channel  testing  which  can  be  accotnp.  ished 
with  the  single-axis  rate  table  equipped  with  a  two-axis  fixture  for  guidance  system  loads. 
This  system  provides  an  automatically  programmed  table  axis  capable  of  positioning  to  an 
accuracy  of  ±1.0  second  of  arc  with  a  resolution  of  0.36  seconds  of  arc  on  receipt  of  a 
digital  position  command  originated  at  the  control  console  or  an  external  computer. 

The  axis  operates  as  either  a  position  or  rate  servo  on  receipt  of  a  command  from  a  d.c. 
analog  voltage.  Maximum  acceleration  capability  about  this  axis  is  10  radians  per  second 
squared.  Hie  table  can  follow  input  signals  as  high  in  frequency  as  100  c/s.  Digital 
position  readout  by  means  of  0.0001  degree  and  0.1  degree  up-down  pulses  is  provided  about 
the  table  axis  for  dynamic  measurement  of  guidance  system  performance  and  verification  of 
rate  drive  accuracy. 


3.2  A  Precision  Tilt  and  Rotational  Vibration  System 

The  ground  induced  noise  on  conventional  gyro  test  stations,  even  those  mounted  on  bed¬ 
rock,  causes  serious  problems  in  strapdown  system  and  component  testing.  The  oscillations 
due  to  the  gyro  noise  affects  gimbaled  systems  but  this  motion,  or  dither,  does  not  impair 
long-term  system  performance  due  to  the  isolation  provided  by  the  gimbal  structure.  However, 
in  strapdown  systems,  this  noise  builds  up  errors  due  to  the  sequential  computation  tech¬ 
nique  inherent  in  the  systems  design.  It  is  therefore  important  that  these  noise  signals 
be  measured  during  instrument  tests.  At  present  these  gyro  noise  signals  cannot  be  distin¬ 
guished  from  signals  produced  by  ground  motions.  1b  avoid  this  at  test  stations,  attention 
in  recent  years  has  been  focused  on  actively  stabilized  test  pads.  At  NASA/ERC,  analytical 
and  experimental  studies  have  been  performed  which  demonstrate  the  design  feasibility  of  a 
tilt  and  rotational  Isolation  system  that  will  maintain  a  surface  at  level  to  within  better 
than  0.  l  arc  seconds  and  provide  rotational  isolation  from  ground  motions  and  torque  dis¬ 
turbances  in  an  urban  laboratory4.  The  combined  use  of  a  tiltmeter  referenced  to  gravity 
for  low  frequency  servo-mechanism  control  and  conventional  inertia  isolation  permits  design 
of  a  rotational  isolation  system  (about  a  horizontal  axis)  having  a  transmissibility  less 
than  one  at  all  frequencies.  The  principal  limitations  of  the  design  are  the  stabilities, 
resolutions  and  noise  outputs  of  the  sensors  used  for  the  servo-mechanism  control  and  the 
structural  natural  frequency  of  the  servo-mechanism  drive  and  platform. 

To  demonstrate  the  feasibility  of  the  two-axis  levelling  system  that  is  required  for 
strapdown  system  testing,  an  experimental  single-axis  model  of  the  system  has  been  fabri¬ 
cated  and  is  shown  in  Figure  5.  Tests  conducted  on  the  experimental  system  to  date 
indicate  a  long-term  drift  of  the  order  of  0.1  arc  seconds  and  short-term  drifts  due  to 
gyro  noise  of  less  than  0.01  arc  seconds  in  the  presence  of  noise  up  to  10  arc  seconds. 

The  experimental  platform  also  has  permitted  demonstration  of  the  system's  capability 
to  resist  large  torque  disturbances.  For  example,  a  200  pound  man  sitting  on  the  platform 
deflected  the  drive  mechanism  3  arc  seconds  while  the  resulting  maximum  deviation  of  the 
platform  surface  from  level  was  less  than  0.1  arc  seconds.  The  instrumentation  used  in 
the  experimental  system  is  shown  in  Figure  6.  The  indicated  drift  data  for  the  experi¬ 
mental  platform  ia  shown  in  Plgure  T  along  with  the  data  of  the  ground  motion. 


4.  STRAPDOWN  COMPUTER  TECHNOLOGY 

4.1  Strapdown  Computer  Requirements  versus  Gimbaled 
System  Computer  Requirements 

In  the  well  known  gimbaled  system  of  Inertial  guldence  and  navigation,  a  space-stable 
reference  is  physically  created  by  the  use  of  the  inertial  properties  of  gyros.  Mounted 
on  an  inner  block,  gyros  maintain  a  non-rotating  reference  by  driving  the  isolation  gimbals. 
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The  displacement  of  the  frame  can  be  obtained  by  integrating  twice  the  outputs  of  the 
accelerometers  which  are  mounted  along  with  the  gyros. 

In  contrast  to  this  mechanical  arrangement,  the  space-stable  reference  frames  of  a 
strapdown  guidance  system  is  created  electronically.  The  gyros  and  the  accelerometers 
are  fixed  to  the  vehicle  frame.  The  instantaneous  relation  between  the  vehicle  frame  and 
a  known  inertial  frame  is  maintained  in  a  digital  computer  by  solving  a  set  of  mathematical 
equations  using  measurements  from  the  gyros.  This  information  is  sufficient  for  the  proper 
interpretation  of  the  accelerometer  outputs.  The  physical  arrangement  of  a  typical  strap- 
down  system  configuration  in  a  vehicle  is  shown  in  Figure  8.  Finding  the  instantaneous 
values  of  the  transformation  matrix  which  relates  the  vehicle  frame  to  a  known  inertial 
frame  is  the  basic  problem  of  the  strapdown  system  and  it  is  primarily  a  computational 
problem.  Since  the  computer  integrates  the  angular  notion  of  the  vehicle  by  the  addition 
of  discrete  data,  a  large  memory  capacity  and  the  ability  to  cycle  computations  very 
rapidly  is  required  to  prevent  large  non- commutative  errors  and  other  integration  errors. 


Many  parameters  can  be  used  to  relate  the  vehicle  frame  to  the  reference  frames.  Three 
classes  of  predominant  interest  are 

(i)  three  Euler  angles,  representing  successive  rotations  about  three  body- fixed  axes 
in  a  specified  sequence; 

(ii)  nine  direction  cosines,  relating  each  of  the  accelerometer  axes  to  the  three 
computational  axes;  and 

(ill)  four  quarterions  or  Gayley-Klein  parameters. 

The  nine  elements  comprising  the  3  *  3  orthogonal  matrix  are  the  most  straightforward 
method  of  describing  orientation  of  one  axis  frame  with  respect  to  another.  Solution  of 
the  difference  equations  involves  only  multiplications  mtd  additions  and  it  can  be  used 
most  easily  to  resolve  the  acceleration  vector.  Since  only  three  of  the  nine  cosine  numbers 
are  independent  parameters,  computational  errors  in  the  integration  of  all  nine  lead  to 
non-orthogonality  of  the  matrix.  However,  for  short-term  applications,  such  as  for  boost 
and  injection  into  a  parking  orbit,  no  correction  is  generally  necessary. 


Figure  9  is  a  block  diagram  for  the  computation  of  the  direction  cosine  matrix  and  tUr 
resolution  of  the  acceleration  vector  into  the  inertial  frame.  It  represents  the  additional 
computational  requirement  for  a  strapdown  system  over  the  conventional  gimbaled  system.  Let 
C  be  the  3  >>  3  directional  cosine  matrix  and  let  H  be  a  3  »  3  matrix  where  elements  are 
given  hy  the  rotational  rates  of  the  vehicle  as  readout  by  the  gyro;  the  computational 
problem  of  the  instantaneous  direction  cosine  matrix  involves  the  integration  of  the  matrix 
equation. 


dC(t) 

dt 


=  cn . 


C(0)  r  I  . 


For  a  given  accuracy,  tradeoff  studies  using  various  integration  algorithms,  step  sites 
(or  rate  of  integration)  have  been  obtained.  For  example,  the  Lunar  Excursion  Nodule  (LEM) 
Strapdown  System  has  found  that  an  Integration  interval  of  20  nillisec  (or  SO  iterations 'sec) 
with  a  second-order  Taylor  series  expansion  Integration  algorithm  is  sufficient  for  its 
application.  Figure  10  gives  typically  the  crept*' ati&aal  requirements  in  terns  of  word 
length,  storage  capacity  and  computational  rates  necessary  to  perform  the  navigation,  guid¬ 
ance  and  control  function  for  injecting  into  a  100  nautical  mile  parking  orbit  using  a 
strapdown  system.  Figure  It  is  a  more  detailed  breakdown  of  the  computational  requirements, 
the  attitude  computation  represents  essentially  the  additional  requirements  imposed  on  the 
computer  by  the  strapdovn  system  over  the  gimbaled  system.  It  dominates  all  other  computa¬ 
tions.  Note  that  the  reciprocal  of  the  average  operation 'second  is  equivalent  to  s 
conventional  add  operation  in  a  digital  computer.  Nomalixatioo  factors  are  used  to 
convert  other  operations  into  add  operations.  For  example.  1  mol tipi icatios  operation  Is 
considered  to  be  equivalent  to  6  add  operations. 
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4.2  Nodular  Computer  Techno  loo  Development 

In  undertaking  a  broad  research  program  in  strapdown  guidance  and  control  at  NASA/BRC. 
the  development  of  a  new  computer  concept  has  been  a  aajor  task.  It  eas  felt  that  present 
day  designs  of  aerospace  computers  lack  the  characteristics  of  long  life,  flexibility  of 
application  and  reliability  that  are  required  for  future  missions.  To  arhleve  these  goals, 
modularity  in  design  which  provides  redundancy  of  the  various  elements  within  the  computer 
(on  the  level  of  memory,  logic.  Input  /output ,  etc  )  appeared  to  offer  the  best  chance  of 
success.  The  advantages  of  such  an  approach  are: 

(1)  The  physical  modules  perform  recognizable  and  complete  functions  to  permit  the 
computer  to  be  readily  expanded  or  contracted  in  capability  according  to  the 
mission. 

(11)  With  some  initial  over- capacity,  failures  can  be  tolerated  before  the  mission 
success  is  affected.  Additional  failures  can  still  be  tolerated,  either  all 
computations  are  performed  at  a  slower  rate,  or  the  least  important  computational 
tasks  are  deleted.  bith  these  alternatives,  the  computer  in  essence  slows  down 
rather  than  failing  completely  (a  feature  commonly  known  as  graceful  ccgr^iation.*. 

NASA'RRC  is  developing  a  modular  computer  as  part  of  «  strapdom  guidance  ayste*  packs** 
for  use  in  unmanned  apace  missions.  The  end  result  of  first  phase  of  this  program  is  the 
"breadboard”  modular  computer.  The  breadboard  will  be  integrated  with  a  &  rapdoao  I«U 
(Inertial  Measuring  Unit)  for  total  system  evaluation.  It  will  also  be  a*  a  test  bed 
for  research  activities  in  hardware  technology  as  well  as  the  development  of  software 
techniques  to  diagnose  and  to  Initiate  the  switching  of  modules. 

Figure  12  is  e  block  diagram  of  the  configuration  of  the  modular  computer.  A  working 
computer  consists  of  a  working  memory  module,  a  working  control  module,  a  working  arithmetic 
module  and  a  working  Input/output  module.  Data  flow  between  units  is  in  8  bit  bytea  plus 
parity. 

1.  The  CAU  (Configuration  Assignment  (toil)  controls  the  switches  which  interconnect  the 
various  modules  to  produce  the  necessary  working  computer  or  computers.  Communication 
between  the  CAU  and  the  CU*a  is  accomplished  is  32  bit  word  parallel  form. 

2.  The  CD  (Control  Unit)  performs  the  duties  of  determining  the  sequence  of  op^mion* 
within  the  computer  formed  ty  itself  in  conjunction  with  one  nemory.  At  *nu  a-gr  applic¬ 
able  Input ''Output  Unit.  It  coo  tains  3  index  registers,  a  high-speed  local  data  memory  and 

a  hi speed  local  program  memory.  A  block  diagran  of  the  Control  Unit  is  given  as  Figure  13. 

3.  The  lUnory  ttait.  the  Arithmetic  Unit  and  the  Isput/fetput  Unit  are  convent ional. 

The  following  la  a  stannary  of  the  specific  features  of  the  modular  computer 

-  3  Independent  computers  for  multi -processing. 

-  27  configuration  for  a  single  computer  operation. 

-  fete  (8  bit)  transfer  through  switches  -  this  is  designed  to  minimise  the  number  of 
connections  between  modules . 

-  ferity  check  on  bytes. 

-  38  hit  word  consisting  of  32  information  bit  (4  bytes)  and  4  parity  hits. 

-  Floating  point  arithmetic  hardware 

-  block  transfer  of  data  from  to  nemory  to  from  input  ’Output  felt.  Direct  memory  access 
or  cycle  steal  lag  features  for  I/O  transfer. 

-  Hife-apeed  local  data  memory  (128  words)  and  hi#- speed  local  program  memory  (84 
words)  -  these  are  not  extensions  of  the  ante  memory,  tack  local  data  memory  is 
addressable.  One  or  the  rmrw  of  incorporating  this  local  memory  is  to  speed  up 

the  Control  On  it /Arithmetic  felt  operation.  It  can  he  implemented  using  Lb)  technology 
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-  3  address  systems  -  this  is  keyed  to  the  local  memory  concept  since  the  addressable 
memory  is  only  128  words.  It  is  particularly  suited  for  strapdown  computations. 

-  3  index  registers  per  control  unit. 

-  Cross- communication  between  control  units  through  common  and  addressable  registers 
in  configuration  assignment  unit. 

-  28  instructions. 

-  1  memory,  4k  submodules  with  expansion  up  to  32k ''module 

-  Sample  instruction  rate 

Ploating  point  add  12 

Floating  point  multiply  32  ^s 

Logical  operation  12  ^s. 

It  should  be  noted  that,  in  view  of  the  3  address  system,  an  add  instruction  in  the 
nodular  computer  is  equivalent  to  the  3  consecutive  instructions  for  the  single 
address  system. 

-  Simulation  results  indicate  about  4.4  ms  will  be  required  for  the  computation  of  the 
attitude  matrix  in  the  strapdowi  system  using  a  second-order  Runge-Kutta  scheme.  At 
SO  times 'sec  this  is  about  25*  of  the  computer  load. 

This  computer  is  being  built  by  United  Aircraft  Corporation  for  NASA'EK  and  is  presently 
in  the  breadboard  phase1.  The  deliverable  breadboard  contains  two  columns  and  baa  two 
2  sec.  4k  core  e.aonrt.  There  will  be  S30  printed  circuit  boards  in  the  breadboard, 
each  bt.-«ra  containing  an  average  of  22  integrated  The  current  estimate  ia  that 

each  r^duie  will  contain  the  following  approximate  number  of  boards: 

AU  -  54  boards.  1300  •ales, 

CU  -  104  boar  -i.  2390  gates 

Future  versions  of  the  modular  computer  are  planned  to  incorporate  LSI  technology. 


3  OPTIC H.  SCSS01S  FOR  STMPB0**t  XYSTinX 
3. 1  •eqairemenU 

Elect  ro- optica  l  devices  can  augment  a  atrapdown  inertial  system  daring  space  missions 
by  furnishing  updating  information  to  the  inertial  system,  thus  providing  bounds  on  gyro 
drift. 

In  general,  it  may  be  maid  that  none  of  the  stellar  characteristics  idlrectlon.  radia¬ 
tive  flux,  etc.  >  will  change  by  a  aeasureahte  amount  due  to  the  mo  vent  a  of  am  inter¬ 
planetary  vehicle  The  fact  that  they  are  "fixed**  makes  them  appropriate  for  defining  a 
celestial  fra***»rk  fro*  sfeicfc  optically  derived  information  can  be  processed  to  update 
vehicle  position,  velocity,  and  align  the  spacecraft 

Vehicle  attitude  during  all  pbases  of  a  mission  car  he  determined  by  star  patten 
recognisers  or  cuabiaatiomr  of  near  body  se'eors  and  star  tracker*.  Rear  body  sensors 
include  sun  sensors,  planet  tracker*,  horiaon  sensor*,  and  land  mark  trackers  Shea  theme 
trackers  are  used  *o  determine  position  for  initial  stragdoau  inertial  alignment  the 
accuracy  requirements  are  1  to  10  seconds  of  arc.  Spacecraft  attitude  accuracy  require¬ 
ment*  are  1  to  10  minutes  of  arc.  Far  special  situations  such  as  lamer  comm  attest ion,  the 
fine  point  lag  it  yul  meats  become  0  to  1  second  of  arc. 

Figure  14  indicate#  how  auxiliary  optical  sensor*  are  combined  with  a  three- axis  strap - 
down  inertial  measurement  wait. 

In  order  to  make  spacecraft  alignment  and  stabi ligation  more  reliable,  star  field  aenaora 
and  systems  vhich  function  independently  of  most  of  the  other  spacecraft  systems  must  be 
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developed  (Fig. 15).  Present  interplanetary  spacecraft  employ  sun  sensors  and  a  Canopus 
sensor  for  spacecraft  attitude  alignment.  These  sensors  must,  however,  be  oriented  hy 
pointing  the  spacecraft,  and  are  thus  dependent  on  the  attitude  control  system.  In 
addition,  the  spacecraft  must  be  stabilized  in  order  to  point  near  their  specific  tergets 
for  proper  system  operation.  When  sun  sensors  are  used,  navigation  is  mandatory  before 
alignment  can  take  place;  otherwise,  the  line  of  signt  to  the  sun  provides  little  or  no 
information  about  the  inertial  pointing  direction.  All  navigation  and  attitude  computa¬ 
tion  is  then  performed  on  the  ground  after  the  sensor  data  have  been  transmitted  to  the 
Earth. 

A  planet  tracker  finds  potential  application  in  both  attitude  reference  and  control 
systems  and  as  a  navigation  sensor.  The  use  of  stellar  data  in  attitude  reference  systems 
is  well  known.  The  stars  represent  targets  which  are,  in  effect,  infinitely  far  from  the 
spacecraft  and,  hence,  valuable  in  the  establishment  of  spacecraft  attitude  in  inertial 
space,  independent  of  spacecraft  location  within  the  solar  system.  Hie  use  of  planets 
for  attitude  reference  is  complicated  by  appreciable  motion  of  the  spacecraft  relative  to 
the  target  planet;  accurate  ephemeris  of  the  planet  is  required,  as  well  as  accurate  loca¬ 
tion  data  for  the  spacecraft.  Thus,  the  use  of  the  planet  tracker  in  attitude  reference 
systems  is  best  served  in  applications  where  attitude  relative  to  the  near  planet  is 
required.  This  may  be  the  situation  where  communication  antennas  are  to  be  directed 
Earthward  or  when  reconnaissance  senso-s  are  to  be  directed  at  the  planetary  surface. 

In  this  role,  the  planet  tracker  provides  a  precise  planet  reference  attitude  and  pre¬ 
cludes  the  requirements  for  accurate  planetary  ephemeris  and  spacecraft  position  data. 

The  planet  tracker,  as  a  sensor  for  autonomous  navigation,  provides  two  useful  data 
sources;  the  direction  to  the  planetary  center,  such  that  star-to-planet  center  angle 
measurements  may  be  incorporated  into  the  navigation  system,  and  the  range  to  the  planetary 
center.  During  the  approach  phase,  this  data  is  sufficient  for  accurate  navigation  measure¬ 
ments  and  for  accurate  pointing  of  sensors  at  the  target  planet.  Analysis  has  shown  that 
ranging  data  is  not  very  accurate  at  large  distances  from  the  planet  and  the  tracker,  as 
a  ranging  device,  could  not  begin  to  compete  with  onboard  radar  ranging  techniques.  Pointing 
information  at  large  distances  can  be  made  very  accurate,  however,  ]  part  in  500  of  the 
total  field  of  view  being  a  reasonable  expectation. 

The  planet  tracker  application  to  the  terminal  guidance  problem  circumvents  many  of  the 
problems  associated  with  the  use  of  an  Earth-based  system.  Uncertainty  in  the  astronomical 
unit  (AU)  limits  the  performance  of  an  Earth-based  terminal  guidance  system.  A  spacebome 
sensor  provides  data  relative  to  the  target  planet  and  offers  the  possibility  of  improved 
accuracy  'n  the  terminal  and  approach  phases.  As  more  sensing  and  computing  facilities  are 
carried  aboard  the  spacecraft,  the  communication  problems  of  a  deep  space  mission  such  as 
overloading  of  existing  channels,  long  times  of  transmissions  for  narrow  bandwidth  data 
communication,  and  the  time  lag  for  the  roundtrip  signal  passage,  are  alleviated. 

The  identification  of  Canopus  involves  inspection  of  the  Canopus  sensor’s  output  and  a 
man  in  the  loop.  Such  a  system  could  be  used  for  alignment  of  a  strapdown  inertial  system' s 
computer  if  the  attitude  were  then  transmitted  back  to  the  spacecraft.  Reliability  of  the 
spacecraft  alignment  system  can  be  increased  considerably  by  eliminating  these  interdepend¬ 
encies.  Star  Field  sensor  systems  involve  only  a  discrete  radio  command  or  an  onboard 
sequencer  to  initiate  alignment.  The  remainder  of  the  system  operates  autonomously,  taking 
a  "snapshot”  of  the  field-of-view,  identifying  the  stars  within  the  field.  In  addition  to 
providing  a  computer  4th  the  instantaneous  pointing  direction  of  the  spacecraft,  such  a 
system  can  be  operated  continuously  to  generate  error  signals  for  the  attitude  stabilizai  ion 
system. 

The  star  pattern  recognition  process  (Fig.  16)  involves  angular-subtense  measurements, 
relative  brightness  measurements,  and  counts  of  stars  within  the  field.  While  the  computer 
operates  on  sensor  data,  a  strapdown  inertial  measurement  unit  can  be  used  to  measure  the 
spacecraft’s  attitude  change.  The  solution  to  the  alignment  problem  at  the  commanded  time 
is  then  added  to  the  attitude  change  for  final  alignment  information 
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In  order  to  provide  a  basis  for  sensor  design,  an  effort  was  initiated  which  examined 
the  requirements  and  trade-offs  associated  with  changes  in  sensor  field  of  view,  limiting 
stellar  magnitude,  and  probability  of  observation  for  an  arbitrary  number  of  stars.  When 
any  two  design  parameters  are  fixed,  the  third  is  determined  uniquely.  Subsequently, 
optical  design  parameters,  detector  characteristics,  functional  constraints,  and  perform¬ 
ance  requirements  must  be  traded  off  to  achieve  the  required  field  of  view,  sensitivity, 
and  probability  of  observation.  The  technique  employs  real  stars  and  involves  no  statis¬ 
tical  modeling  concerning  star  distributions.  Probability  of  observation  has  been  deter¬ 
mined  with  absolute  confidence  by  making  use  of  spherical  geometry  to  find  the  loci  of 
desired  pointing  directions  within  the  celestial  sphere. 

The  results  of  the  first  two  phases  of  the  NASA/ERC  study  indicate  a  definite  need  for 
higher  sensitivity  and  finer  resolution  than  are  presently  available  in  photodetectors. 

It  has  been  shown  that  stars  of  nearly  5th  magnitude  must  be  detected  for  unity  probability 
of  observation  of  just  one  star  in  a  practical  field  of  view  of  20°.  Figure  17  shows  the 
field  of  view  necessary  to  observe  n  stars  with  a  probability  of  1.0,  given  the  detector 
sensitivity.  The  necessary  field  of  view  is  much  larger  than  can  presently  be  achieved 
with  reasonable  system  accuracies  (approximately  one  minute  of  arc).  The  third  phase,  and 
by  far  the  most  critical  phase  of  the  study,  has  shown  that  by  reducing  the  probability  of 
observation  of  one  star  to  0.95,  the  field  of  view  can  be  reduced  by  more  than  30%,  and 
the  sensitivity  can  be  reduced  by  a  factor  of  more  than  2.5.  Research  in  the  electro-optics 
field  is  continuing  in  order  to  provide  accurate,  reliable  sensors  for  updating  strapdown 
inertial  systems  on  deep  space  missions. 


6.  CONCLUSIONS 

This  paper  has  reviewed  some  of  the  research  progress  made  in  the  field  of  strapdown 
guidance  and  control.  The  field  is  relatively  new  and  rapid  strides  have  been  made  in 
the  last  few  years.  At  this  time,  the  following  conclusions  appear  warranted: 

(i)  The  major  potential  advantages  of  strapdown  systems  ever  gimbaled  systems  involve 
reduced  weight,  volume,  power,  cost,  along  with  increased  packaging  flexibility, 
reliability  and  ease  of  maintenance. 

(ii)  The  major  limitations  are  associated  with  the  fact  that  high  angular  velocities 
produce  performance  errors  and  the  system  requires  a  faster  computer. 

(iii)  In  the  inertial  component  area,  presently  available  accelerometers  appear  adequate, 
but  significant  advances  are  required  in  gyroscopes  for  strapdown  applications. 

(iv)  From  a  systems  standpoint,  the  gyroscopes  and  accelerometers  should  be  considered 
as  sensing  packages,  i.e..  gyro  plus  loop  and  accelerometer  plus  loop.  By  design¬ 
ing  integral  units  it  becomes  possible  to  replace  the  sensors  and  maintain  strap- 
down  systems  with  minimum  difficulty. 

(v)  The  laser  gyro  and  electrically  supported  gyro  offer  potential  advantages  over 
the  single-degree-of-freedom  floated  gyro  for  strapdown  applications. 

(vi)  The  figure-of-merit  scheme  discussed  in  the  paper  offers  an  analytical  means  of 
relating  gyro  performance  to  the  accuracy  of  the  strapdown  system  and  thereby 
provides  a  generalized  technique  to  evaluate  the  effectiveness  of  strapdown  gyros. 

(vii)  Strapdown  systems  permit  designers  to  consider  other  than  orthogonal  orientations 
of  gyros  and  analytic  studies  have  shown  that  in  some  cases  a  20-25%  improvement 
in  navigation  accuracy  can  be  achieved  by  using  optimum,  non-orthogonal  sensor 
con  figu  rations. 

(viii)  There  are  still  many  technological  problems  to  be  investigated  in  inertial  strap- 
down  systems.  These  include  material  stability,  torquer  design,  alignment 
procedure,  thermal  balance  and  calibration  procedures. 
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(ix)  Strapdown  technology  permits  a  digital  computer  interface  between  guidance  and 
control  functions  which  permits  systems  designers  to  consider  integrated  guidance, 
navigation  Mid  control  procedures. 

(x)  Testing  of  strapdown  systems  presents  a  ne»  series  of  challenges  to  system 
engineers,  and  some  encouraging  progress  has  been  made  in  the  field  of  active 
isolation  from  the  ground  environment.  Experimental  evidence  indicates  that 
noise  levels  of  0.03  arc  seconds  peak-to-peak  can  be  achieved  using  available 
instrumentation. 

(xi)  In  computer  technology,  the  development  of  modular  techniques  appears  to  have 
significant  advantages  over  present  aerospace  computer  techniques  to  strapdown 
applications. 

(xii)  Solid  state,  no-moving-part  electro-optical  sensors  can  be  effectively  used  with 
strapdowr.  inertial  systems  tc  provide  bounds  on  gyro  drift. 

Based  on  the  research  progress  tc  date,  it  appears  that  strapdown  inertial  systems  will 
be  realizable  and  find  many  applications  in  future  space  missions.  Their  utility  in  areas 
of  long  flight  where  extremely  high  accuracy  is  not  required  appear  especially  desirable. 

It  is  not  expected  that  strapdown  systems  of  the  future  will  replace  gimbaled  platform 
systems  in  those  applications  where  extremely  high  accuracy  is  required.  By  continuing 
an  active  research  program  in  strapdown  component  technology,  including  inertial,  computer 
and  electro-optical  sensors  at  NASA/ERC  and  other  interested  organizations,  it  is  believed 
that  the  full  potential  of  strapdown  systems  will  be  achieved  and  the  results  will  benefit 
a  wide  spectrum  of  future  navigators. 
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Pig.  $  ExperiaeaUl  tilt  station  at  NASA/ERC 


Pig. 6  Cl oa up  vita  shoving  control  and  nonltor  tiltnetar  and  control  gyroscopa 


Ground  Motion 

Pig.  7  Indicated  drift  of  experimental  platform 


Pig. 8  Vehicle  structure  mounted  Inertial  reference  member  with  computer- generated  outputs 
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Pig.  14  Spacecraft  guidance  and  control  ajraten  configuration 
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SUMMARY 


This  paper  presents  a  general  description  of  the  design  and  construction  of  the 
GYR0FU2X  Gyro  and  some  of  the  highlights  and  results  of  Kearfott' s  evaluation  testing  of 
units.  In  the  discussion  of  component  evaluation,  both  bench  and  test  results  and 
environmental  test  results  are  presented. 


403 


THE  GYROFLEX*  GYROSCOPE 
Richard  F.Cimera  and  Michael  A.Napolitano 


1.  INTRODUCTION 

In  the  early  1960's,  industry  recognized  the  need  for  a  small,  lightweight,  highly 
accurate  but  low  cost  inertial  sensor.  Kearfott  also  recognized  this  need  and  began  a 
concentrated  effort  to  conclude  the  development  of  the  Gyroflex  gyro.  The  Gyroflex  gyro 
was  conceived  in  1958.  It  is  a  two-degree-of-freedom,  dry,  flexure -joint -suspended,  free 
rotor  gyro.  Its  unique  feature  is  a  special  rotating  flexure  suspension  on  one  end  of  a 
shaft,  supporting  and  serving  as  a  pivot  point  for  the  wheel,  thereby, providing  a  support 
truly  free  of  spherical  friction.  Internal  to  the  flexure  suspension  is  a  gimbaled  compen¬ 
sation  device  which  cancels  the  spring  restraint  of  the  flexures.  The  other  end  of  the 
shaft  supporting  the  flexure  suspension  is  driven  by  a  synchronous-hysteresis  motor.  The 
result  is  a  displacement  gyroscope  with  minimal  spring  rate  operating  in  accordance  with 
conventional  two-axis-gyroscopic  theory. 

Figure  1  is  a  mechanical  schematic  of  the  Gyroflex  gyro.  The  axis  not  shown  has 
identical  pickoff  and  torquer  coils.  The  Gyroflex  gyro  concept  permits  the  Inertia  wheel 
to  be  completely  free  of  all  wound  components.  The  armature  of  the  two  axes  pickoff  and 
the  permanent  magnet  of  the  d.c.  torquer  are  integral  parts  of  the  inertia  wheel,  but  they 
do  not  require  electrical  connections.  Therefore,  there  are  no  requirements  for  slip  rings, 
rotary  transformers,  or  flex  leads  to  transmit  power  through  the  suspension  system.  This 
is  an  Important  performance  and  reliability  advantage. 


2.  SUSPENSION  SYSTEM 

To  achieve  inertial  quality  performance,  the  suspension  system  must  have  very  low 
spring  rate  and  no  friction.  Flexures  provide  a  suspension  system  that  has  no  friction 
because  there  are  no  rubbing  or  sliding  parts.  Low  spring  rate  is  obtained  by  using  the 
thinnest  possible  flexures.  High  strength  is  required  to  resist  the  stresses  encountered 
during  shock  and  vibration.  The  flexures  are  fabricated  to  operate  well  below  the  micro- 
yield  point.  Careful  control  of  grain  size  is  necessary  because  of  the  thin  section. 

Very  1cm  hysteresis  is  obtained  through  material  selection  and  precise  manufacturing 
controls. 

Since  the  suspension  system  rotates  with  the  inertia  wheel,  the  effect  of  spring  biases 
in  the  flexures  is  cancelled  for  a  complete  rotation. 

The  Gyroflex  gyro  has  an  additional  desirable  characteristic  -  no  ‘Mead-band’*;  the 
smallest  motion  of  the  wheel  with  respect  to  the  case  is  sensed  by  the  pickoff. 


3.  SPIN  MOTOR  BEARING  REAR  ANO  MASS  STARIL1TY 

In  the  Gyroflex  gyroscope,  the  spin  bearings  are  not  located  on  the  inertia  wheel 
assembly.  The  inertia  wheel  is  separated  from  the  motor  by  the  flexure  suspension. 
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It.  follows  that  any  shift  in  the  position  of  the  shaft  of  the  motor,  either  because  of 
preload  changes  or  raceway  wear,  cannot  cause  a  mass  shift  of  the  inertia  wheel  with 
respect  to  the  flexure  suspension.  It  merely  causes  a  shift  of  both  wheel  and  suspension 
an  equal  distance.  Similarly,  shifts  in  the  position  of  either  the  spin  bearing  retainers 
or  spin  bearing  lubricant  do  not  affect  the  Gyroflex  gyro  performance.  Such  shifts  in  a 
conventional  gyroscope  would  directly  cause  a  mass  shift  along  tne  spin  axis. 

Another  significant  reason  for  the  excellent  mass  stability  of  the  Gyroflex  gyro  is  the 
complete  absence  of  wound  components  and  potting  compounds  on  the  inertia  wheel.  It  is 
well  known  that  these  components  and  compounds  are  somewhat  unstable  ard  do  contribute 
to  mass  shift  in  conventional  gyroscopes  because  of  outgassing,  with  subsequent  weight 
change  and  migration  of  materials. 


4.  FILL  MEDIA 

Since  the  flexures  support  the  inertia  wheel  of  the  Gyroflex  gyro,  fluid  support  is 
not  required.  The  fill  media  is  dictated  by  the  requirements  of  the  spin  bearing  lubricant 
and  the  thermal  time  constant.  An  optimum  pressure  of  gas  is  utilized  to  attain  long 
life  and  to  achieve  rapid  warm-up.  Proper  design  of  the  inertia  wheel  and  wound  components, 
to  allow  large  clearances,  minimizes  the  effect  of  the  gas. 

Other  Important  performance  and  reliability  advantages  of  the  Gyroflex  gyroscope  are 
its  relative  insensitivity  to  contamination  of  the  gas  or  the  presence  of  foreign  particles, 
except  in  the  spin  bearings,  and  the  absence  of  fluid  stratification  which  frequently  is 
a  problem  in  floated  gyros. 


5.  THERMAL  SENSITIVITY 

The  sources  of  thermal  sensitivity  in  the  Gyroflex  gyro  are  the  same  cs  in  conventional 
gyros,  except  for  those  associated  with  the  use  of  floatation  fluid.  The  Gyroflex  gyro 
does  not  use  floatation  fluid;  therefore  its  thermal  sensitivity  depends  mostly  upon  the 
thermal  characteristics  of  the  mr/tals  used  in  its  fabrication.  The  principal  sources  of 
thermal  sensitivity  are  pickoff  null  shift  with  temperature  changes  and  mass  unbalance 
shifts  along  the  spin  axis  with  changes  in  temperature  due  to  mismatch  in  linear  thermal 
coefficients.  These  have  both  been  minimized. 

The  absence  of  floatation  fluid  permits  fast  warm-up.  With  no  fluid  thermal  gradients, 
the  drift  rate  is  constant  as  soon  as  the  metal  parts  reach  temperature.  The  part  with 
the  largest  time  constant  is  the  inertia  wheel,  because  it  is  suspended  on  the  flexure, 
but  Its  time  constant  is  only  two  minutes. 


«.  TEST  DATA 

The  inertial  navigation  version  (Mod  II)  of  the  Gyroflex  gyro  has  been  tested  at  the 
Naval  Air  Development  Center,  Johnsville.  Pennsylvania,  and  Holloman  Air  Force  Base, 
Alamogordo,  New  Mexico.  The  results  have  been  excellent.  Rearfott  has  conducted  full 
bench  and  environmental  testing  on  all  versions  of  the  Gyroflex  gyro  on  component  level, 
sod  early  versions  have  been  flight  tested  in  the  l£I  system  at  Holloman  AFB  and  in  the 
QPL  Hereflex*  system.  The  component  data  is  Included.  The  LCI  system  has  achieved  an 
average  in-flight  accuracy  of  better  than  1  nautical  mile  per  hour  radial  error  rate. 
The  Gyroflex  gyro  in  the  Hereflex  system  maintained  its  original  calibration  to  within 
0. 02° /hr  during  550  hours  of  operation  during  the  flight  test  program. 
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7.  RATE  •OOF  TEST  METHOD 

Gyroflex  gyro  drift  testing  is  conducted  in  the  rate  node.  In  this  Banner  both  axes 
can  be  aonitored  simultaneously  without  the  use  of  expensive  two-axis  servo  tables.  In 
the  rate  mode  the  signal  from  the  X-pickoff  is  amplified  and  demodulated,  and  applied  to 
the  torquer,  which  provides  torque  about  the  Y-axis  with  such  a  polarity  as  to  drive  the 
error  signal  to  null.  In  a  similar  manner,  the  Y-pickoff  is  maintained  at  null  by 
amplifying  its  signal,  demodulating,  and  applying  current  to  the  torquer  which  provides 
torque  about  the  X-axis.  These  currents  fed  into  the  torquers  are,  therefore,  directly 
proportional  to  the  sum  of  all  the  torques  about  the  two  axes.  By  monitoring  these 
currents  on  a  strip  chart  recorder,  an  Instantaneous  presentation  of  drift  rate  is  obtained 
(Fig. 2).  To  facilitate  random  drift  calculations  and  to  increase  the  sensitivity  of  the 
data,  digital  data  have  been  taken.  A  voltage-to-frequency  converter  converts  the  d.c. 
signal  from  the  sampling  resistors  to  an  output  frequency  whicl'  .r  proportional  to  the 
input  voltage  (f  =  ke).  This  frequency  is  counted  by  the  counter  *nd  the  preset  counter 
determines  the  time  increment  during  which  the  counter  counts.  When  the  selected  time 
increment  expires,  the  preset  counter  comnands  the  printer  to  print  the  count  accumulated 
on  the  counter.  This  digital  readout  is  proportional  to  the  time  integral  of  instantaneous 
drift  rate  for  the  particular  time  increment.  A  typical  time  for  the  selected  time 
increment  has  been  2  minutes  and  typical  times  for  the  length  of  the  run  have  been  2  and 
3  hours  (Fig. 3). 


8.  RANDOM  DRIFT 

Drift  is  measured  in  a  rate-capture  mode  over  a  three-hour  period  in  a  150°F  ambient 
temperature.  Drift  is  recorded  both  with  the  spin  axis  vertical  (SAV)  and  spin  axis 
horizontal  (SAH).  Random  drift  is  computed  by  dividing  the  drift  run  into  two-minute 
time  intervals  and  averaging  each  two-minute  interval.  These  averages  are  then  used  to 
calculate  a  lcr-value  of  random  drift.  Test  results  are  depicted  in  Figures  4  and  5. 


9.  DAY-TO-DAY  DRIFT 

Typical  day-to-day  performance  ia  depicted  in  Figure  6.  Each  data  point  represents 
the  drift  level  after  shutdown  and  cool  down  to  +78°F.  Prior  to  this  series  of  testa, 
the  gyro  was  subjected  to  a  complete  environmental  test  program. 


10.  SERVO  MODE  DATA 

Typical  servo  mode  random  drift  and  torquer  scale  factor  linearity  data  are  shown  in 
Figure  7. 


11.  ENVIRONMENTAL  TESTINO 
11.1  Shock 

A  gyro  was  subjected  to  eighteen,  30  g,  11  millisecond,  non-operating  shocks.  Three 
shocks  were  applied  along  each  of  six  axes.  Performance  before  and  after  shocks  repeated 
within  test  equipment  accuracy. 
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11.2  Vl  brut  I  on 

A  tyro  was  vibrated  to  the  full  ASN-57-Gyrocompaas  Attitude  Reference  System  (GARS) 
vibration  specification,  MIL  E  5400.  Curve  4  applied  to  the  vibration  isolator,  sweeping 
fro*  10*500*10  c/s  at  a  rate  of  1  octave/min;  the  natural  frequency  of  the  isolator  was 
20  c/s.  Drift  was  measured  during  vibration  and  was  calculated  by  integrating  over  time 
Intervals  of  one  minute.  Performance  before  and  after  vibration  repeated  within  test 
equlpr<ent  accuracy. 


Pig.l  Gyrof lex  gyro  mechanical  schematic  Fig. 2  Rate  loop  testing 

(recorder  monitoring) 


Fig. 3  Rate  loop  testing  (printed  data) 
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THE  ROTOR-VIBRAGYRO 

E.  Muhlenfeld 


Rotor-Vibragyro  is  another  word  for  the  rotating,  two-axis  vibragyro,  under  development 
elsewhere  under  the  trademarks  "Vibrarotor-Qyroscope’’  or  "Oscillogyro”.  This  gyro  is 
considered  as  a  rate  gyro,  but  the  following  will  be  equally  valid  for  a  rotor-vibragyro 
with  low  damping  which,  for  platform  stabilisation  purposes,  may  be  regarded  as  a  free  gyro. 

Figure  1  helps  to  explain  the  principle  of  its  operation.  A  motor  is  rigidly  mounted 
on  the  aircraft  or  platform.  One  end  of  its  shaft  carries  a  bearing,  which  allows  a 
resonator  to  oscillate  about  an  axis  perper  uiar  to  the  motor  axis.  Consider  a  mass 
positioned  above  the  motor  axis  and  mov.ug  ba^.;wards  with  velocity  vl  due  to  the  rota¬ 
tion.  If  the  vehicle  rotates  aboiio  the  vertical  y-axis.  a  Coriolis  force  Fj  is  generated, 
in  a  direction  to  the  right,  perpendicular  to  bot>-  the  rate  and  velocity  vectors.  When 
the  mass  under  consideration  is  be’.ow  the  motor  axis,  the  velocity  vector,  and  consequently 
the  Coriolis  force,  have  changed  direction.  Tfc 3  resonator  is  thus  excited  by  a  torque 
which  is  alternating  with  rotational  frequency  w  .  The  centrifugal  force  generates  a 
restoring  torque.  Rotation  about  the  x-axls  excites  the  resonator  with  a  phase  shift  of 
90°  and  can  thus  also  be  measrred. 

The  basic  difference  between  conventional  rate  gyros  and  the  Rotor-Vibragyro,  fra*  the 
viewpoint  of  communication  engineering,  is  now  illustrated. 

If  an  aircraft  or  other  vehicle  is  rotating  with  angular  velocity  fi  ,  a  gyroscopic 
reaction  moment  M  acts  on  a  rotor,  spinning  about  an  axis,  which  is  forced  to  follow 
the  motion  of  the  vehicle  (Fig.  2).  In  conventional  rate  gyros  this  moment  is  transferred 
to  the  gimbal  frame  by  radial  forces,  exerted  by  the  rotor  shaft  on  its  bearings,  thus 
rotating  the  gimbal  frame  about  an  angle  a  against  the  restraining  spring.  The  bearings, 
being  a  link  of  the  transmission  channel,  add  their  noise  to  the  signal.  The  need  for  low- 
noise  bearings  involves  high  manufacturing  costs  and  limits  operating  life. 

The  inherent  noise  has  led  to  attempts  to  avoid  bearings  altogether,  resulting  in  the 
tuning  fork  and  other  vibragyros.  As  the  difficulties  encountered  by  vibrating  masses  on 
a  straight  line  are  numerous,  the  rotor-vibragyro,  like  conventional  gyros,  moves  masses 
on  a  circular  path  but  removes  the  Indispensable  bearings  from  the  transmission  channel 
of  the  signal.  The  gyroscopic  reaction  moment  is  converted  into  an  angular  deflection  # 
of  a  part  of  the  rotor,  called  the  resonator  (Fig. 2).  This  oscillating  deflection  relative 
to  the  rest  of  the  rotor  is  converted  into  a  signal,  which  can  be  matched  to  a  suitable 
channel  to  transfer  the  signal  from  the  rotor  to  the  aircraft  body.  An  electrical  signal 
is  exposed  to  disturbing  fields  in  the  transducer  as  well  as  in  the  transfer  channel  and 
thus  requires  careful  shielding.  Therefore  an  optical  pick-up  was  chosen  and  the  pick-up 
of  the  first  experimental  model  is  shown  in  Fig.  3.  The  rotor,  the  outline  of  which  Is 
given  by  the  broken  line,  is  mounted  on  the  shaft  of  a  motor  fixed  in  the  vehicle.  The 
rotor  carries  three  mirrors,  one  of  which  is  attached  to  the  bar-shaped  resonator,  and 
torsional  vibrations  of  this  bar  about  an  axis  perpendicular  to  the  rotor  axis  are  to  be 
measured.  All  other  parts  of  Figure  3  are  fixed  in  the  vehicle.  A  square  light  source 
is  projected  onto  a  pattern,  the  beam  of  light  being  reflected  by  three  mirrors.  For  the 
time  being  we  assume  the  resonator  to  be  fixed  within  the  rotor.  Due  to  the  reflection  at 
the  rotating,  slanting  mirror,  the  square  image  will  move  round  the  rotor  axis  in  the 
plane  of  rotation,  as  long  as  the  resonator  is  in  the  beam.  A  deflection  of  the  resonator 
will  now  shift  the  path  of  the  square  image  either  up  or  down.  By  passing  through  the 


inclined  slot  of  the  pattern,  the  image  causes  the  photocell  behind  the  pattern  to  produce 
an  electrical  pulse,  which  occurs  at  a  time  depending  on  the  inclination  of  the  resonator. 

We  want  to  be  sure  of  measuring  the  inclination  of  the  resonator  relative  to  the  rotor 
and  do  not  want  the  signal  to  be  affected  by  displacements  of  the  rotor  axis  within  its 
bearings.  A  similar  pick-up  on  the  left  side  of  Figure  3,  with  a  sensing  mirror  attached 
to  the  rotor  instead  of  the  resonator,  produces  electrical  pulses  which  are  shifted  by 
linear  or  angular  displacements  of  the  rotor  axis  in  the  same  way  as  the  signal  pulses  of 
the  resonator  pick-up.  The  distance  between  the  two  remains  constant  and  is  readily 
measured  digitally. 

The  first  experimental  model  using  this  optical  pick-up  had  an  operating  threshold  of 
0. 05°/h.  This  is  the  root  mean  square  value  of  the  fluctuations  of  successive  zero-signal 
readings.  The  fluctuations  recorded  during  several  hours  had  an  r.m.  s.  value  of  0.  l°/h. 

As  no  additional  damping  was  provided,  the  time  constant  of  the  gyro  was  23  sec.  It  should 
be  mentioned  that  the  rotor  was  rotating  at  1500  rev/min  only,  in  the  bearings  of  a  $15 
motor,  to  the  shaft  of  which  it  was  mounted.  All  parts  of  the  gyro  were  manufactured  with 
low-precision  tools.  The  resonator  was  suspended  by  one  flat  spring  on  each  side  of  the 
resonator  bar.  As  the  respective  planes  of  these  springs  were  orthogonal,  they  combined 
high  flexural  stiffness  with  low  torsional  stiffness.  The  latter  is  required  to  match  the 
natural  frequency  of  the  resonator  to  the  low  excitation  frequency,  which  is  equal  to  the 
frequency  of  rotation. 

The  comparatively  long  optical  paths  in  the  pick-up  system,  just  described,  limit  the 
miniaturisation  of  the  gyro.  In  order  to  reduce  its  size  and  at  the  same  time  improve  the 
performance  of  the  pick-up.  we  have  to  sample  the  inclination  of  the  resonator  not  at  two 
points  of  a  revolution  only,  as  before,  but  continuously,  if  possible,  to  increase  the 
information  rate.  This  consideration  has  led  to  a  different  optical  concept. 

There  are  no  objections  to  a  resonator  in  the  shape  ot  a  cylindrical  ring  (Fig. 4),  which 
can  oscillate  about  one  of  its  diameters.  Slots  with  an  inclination  of  *5°  are  cut  into 
the  lateral  area  of  the  cylindrical  ring.  The  light  of  a  bulb,  or  other  light  source,  in 
the  centre  of  this  ring  passes  through  these  slots  onto  a  photo-transistor,  which,  due  to 
the  rotating  of  the  ring,  generates  electrical  pulses,  the  phase  of  which  is  modulated  by 
the  oscillating  movement  of  the  ring.  To  eliminate  ouaoi- stationary  displacements  of  the 
rotor  axis,  we  rigidly  attach  a  second  ring  to  the  rotor,  monitored  by  a  photo-transistor, 
and  use  the  distance  of  the  pulses  from  the  two  transistors  for  subsequent  processing, 
which  has  to  take  the  sign  of  the  pulse  distance  into  account,  i.e.  jpnioh  pulse  occurs 
first.  There  are  no  lenses  or  mirrors  in  the  pick-up;  all  that  is  requi-ed  is  a  light 
source,  two  photo-transistors  and  some  electronics. 

The  pick-up  worked  well,  but  the  gyro  as  a  whole  did  not,  and  could  not  improve  on  0.3°/h. 
To  find  out  why  our  first  gyro  was  nearly  tvn  tJmea  hette  we  .uisi,  loo*  ai,  the  differential 
equation  of  the  oscillations  of  the  resonator.  Time  does  not  permit  derivation  of  this  equa¬ 
tion  here,  but  the  assumptions  made  are  that  the  inclination  d  of  the  resonator  is  linearly, 
and  only,  dependent  on  the  rate  of  rotation. 

It  is  assumed  that  the  resonator  oscillates  about  a  torsional  axis  passing  through  its 
centre  of  gravity;  otherwise  the  gyro  becomes  sensitive  to  linear  accelerations  and,  for  a 
given  eccentricity,  this  sensitivity  is  equal  to  that  of  conventional  rate  gyros.  Further 
conditions  are  (i)  the  inclination  #  must  be  small,  i.e., 

0  «  1  .  <0 

(11)  the  three  components  of  the  rate  vector  must  be  small  and  of  second  order  as  compared 
to  the  rotation  co  ,  i.e, , 


fif.  n*.  n*.  |ntnj  «  «* , 


(2) 
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and  (iii)  the  component 
order  compared  to  the  rotation 


fi,  in  the  direction  of  the  rotor  axis  must  be  small  and  of  first 

/S  ,  i.e. , 


to  and  damping  coefficient 


|0,|  «  w,  P  . 


Then  the  differential  equation  is 


5  +  2/S  £ 


,  C-B  J 

A-B+C  „  . 

A-B+C  „  * 

(x£  ■+  _  CO^  1 

»  = 

co  Q  —  Q 

cos  cot  + 

-  rt\C)  4-  Q 

•  *  J 

[  A  1  2J 

A  2  \ 

(3) 


sin  wt.  (4) 


A .  B  and  C  are  the  principal  moments  of  inertia  of  the  resonator  and  «0  is  the  natural 
frequency  of  the  non-rotating  resonator;  coQ  is  determined  by  the  spring  restraint  in  the 
resonator  suspension  only.  There  are  two  periodic  excitations  with  rotation  frequency  to  , 
and  the  resonator  is  tuned  by  making  the  coefficient  of  $  equal  CO2  .  It  is  not  possible 
to  make  C  -  B  =  A  .  (C-B)/A  =  1  .  to  eliminate  the  need  for  oj  completely  and  thus 


provide  automatic  tuning  for  all  rotational  frequencies, 
is  flat  in  the  direction  of  the  rotor  axis, 

C  -  B  ~  A 


However,  for  a  resonator,  which 


(5) 


and  co0  is  only  small.  To  reduce  the  dependence  on  the  rotational  frequency,  the  resonator 
should  be  as  flat  as  possible. 


We  may  forget  angular  accelerations  in  (4)  if 


«  CO  . 


Then,  using  the  approximation  (5),  the  differential  Equation  (4)  reduces  to 
$+2/3£+oj2#  =  2cu(fl1  cos  cut  +  sin  cot)  , 
with  the  stationary  solution 


(6) 


(7) 


d  =  -  (H1  sincut  -  Hj  cos  cut)  . 


(») 


There  are  two  oscillations,  with  a  mutual  phase  shift  of  90°,  each  of  which  is  determined 
by  a  different  component  of  the  angular  velocity  vector.  As  the  two  oscillations  are 
easily  separated  by  phase-sensitive  detection,  the  Rotor-Vibragyro  is  a  two-axis  rate  gyro. 

The  conditions  specified  do  not  differ  from  those  conmonly  used  in  the  theory  of  con¬ 
ventional  rate  gyros.  For  tire  latter  we  have  to  replace  the  rotational  frequency  cu  in  (2) 
by  the  natural  frequency  cuQ  of  rotor  and  global  frame  about  the  output  axis,  and  in  (3) 


we  have  to  replace  P  by  the  ratio 


cUq/cu  ,  Both  p  and  '-•j1 

are  the  reciprocal  of  the  respective  sensitivities  (cf.  Equation  (8)),  one  cannot  increase 
these  limits  without  decreasing  the  sensitivities  by  the  same  amount  in  either  case. 

The  conditions  are  equal  for  both  types  of  rate  gyros,  but  are  they  always  satisfied? 
Operated  under  normal  conditions,  aa  a  rate  gyro  with  sufficient  damping,  a  Rotor-Vibragyro, 
with  resonator  suspended  in  its  centre  of  gravity,  can  only  be  disturbed  by  torsional 
oscillations  of  the  rotor  shaft  about  one  of  its  diameters,  these  cause  angular  accelera¬ 
tions,  which  do  not  satisfy  condition  (6).  In  the  presence  of  such  vibrations  we  cannot 
neglect  the  acceleration  terms  and  have  to  use  Equation  (4).  For  simplicity  we  consider 
inputs  about  one  axis  only. 


Both  p  and  to\/to  limit  IQ, I  and,  as  both 


Torsional  oscillations  are  composed  of  periodic  functions 

f)j(w)  =  f5(a>)  oos  cot  ,  =  -  ioO(co)  sin  cot  , 


(») 
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Fourier  components,  which  are  to  be  considered  as  the  Input  of  the  gyro.  Because  of  the 
factors  sin  cot  and  cos  cut  they  excite  the  resonator  with  frequencies  u>  +  co  and  o>  -  o> . 
As  we  have  tuned  to  o>  .  only  vibrations  with  frequency  £ >  =  2co  become  effective.  By 
inserting  (9)  into  (4),  it  can  be  seen  that  the  effect  of  the  velocity  term  is  opposed  to 
that  of  the  acceleration  term,  reducing  the  unwanted  output  more  and  more  as  the  principal 
moment  of  Inertia  A  approaches  C  -  B  .  We  thus  find  a  flat  resonator  to  be  desirable, 
not  only  to  become  more  independent  of  rotational  frequency  but  to  reduce  the  effect  of 
torsional  vibrations  as  well. 

This  explains  why  the  first  Rotor-Vibragyro,  with  a  resonator  consisting  essentially  of 
a  flat  mirror,  yielded  a  lower  operating  threshold  than  the  second  one,  which  used  a 
cylinder  extending  5  mm  in  the  direction  of  the  rotor  axis.  The  sensitivity  to  torsional 
vibrations  appears  to  be  responsible  for  the  operational  threshold  of  both  Rotor-Vibragyros. 

Our  current  Investigations  are  aimed  not  only  at  a  reduction  of  these  disturbances  by 
flattening  the  resonator,  but  at  their  elimination  by  the  use  of  two  resonators,  which  are 
allowed  to  oscillate  about  two  mutually  perpendicular  axes  (Fig. 5),  both  of  which  are  per¬ 
pendicular  to  the  rotor  axis.  The  two  resonators  are  subjected  to  the  same  input  rates, 
torsional  vibrations  as  well  as  steady  rates  of  turn.  Calculations  show  that  steady 
rates  near  zero  frequency  and  rates  oscillating  with  frequency  2 u>  are  treated  differently 
by  the  two  resonators  and  a  rough  explanation  of  this  is  as  follows.  Torsional  vibrations 
of  frequency  2m  about  a  definite  input  axis  cause  the  input  rate  to  be  a  sinusoidal 
function  of  the  rotor  position  with  a  fixed  phase.  Ibis  function  has  its  maxima,  for 
instance,  at  two  fixed  angular  positions  of  the  rotor,  180°  apart  from  each  other.  In 
such  a  rotor  position,  the  two  resonator  axes  are  at  different  angles  to  the  input  axis, 
thus  receiving  a  different  share  of  the  input.  On  the  other  hand,  the  oscillations  of  the 
resonators  due  to  steady  rotations  show  a  phase  shift  of  90°  only,  their  amplitudes  being 
equal.  Calculations  show  that  the  amplitude  of  one  of  the  resonators  is  proportional  to 
the  sum  of  steady  and  vibrational  rates,  while  the  amplitude  of  the  other  one  is  propor¬ 
tional  to  the  difference  of  the  two  rates.  Ibis  allows  us  to  eliminate  the  torsional 
vibrations  and  retain  the  rates  of  rotation  near  zero  frequency,  which  we  intend  to 
measure. 

Experiments  prove  that  the  use  of  two  resonators  reduces  the  effect  of  rotational  vibra¬ 
tion  of  the  rotor  axis,  and  thus  reduces  the  noise  level  of  the  Rotor-Vibragyro  considerably. 
Reduction  by  a  factor  of  6  has  been  attained,  with  inadequate  compensation,  and  this  will 
be  improved  in  the  near  future. 

It  may  be  concluded  that  the  Rotor* Vi bragyro  la  much  less  expensive  than  conventional 
gyros  of  comparable  perfonaance,  because  it  does  not  require  precision  bearings  for  its 
rotating  parts. 

The  concept  of  the  Rotor-Vibragyro  involves  two  points  which  are  typical  of  this  gyro: 

(1)  For  transferring  the  signal  from  the  rotor  to  the  vehicle,  two  different  optical 
pick-up  systems  have  been  described. 

(ii)  To  eliminate  the  effect  of  torsional  vibration  of  the  rotor  axis,  causing  a  random 
drift  of  less  than  0.3°/h  with  very  poor  bearings,  the  use  of  two  crossed  resonators 
has  proved  effective. 

To  Improve  mechanical  and  themal  stability  it  no*  Is  necessary  to  Integrate  the  experi¬ 
ence  of  the  lndustnr  In  the  field  of  gyro  technology  Into  the  development  of  the  Rotor- 
Vibragyro. 
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THE  OSCILLOGYRO 
R.  Whalley  and  D.f.  Alford 


1.  INTRODUCTION 

The  paper  describes  a  new  type  of  gyroscope  suitable  for  stabilising  a  platform  in  an 
inertial  navigation  system  or  for  use  as  a  heading  reference.  The  main  feature  of  the 
instrument  is  its  inher0"*  ««»*»n*»«ty,  which  promises  low  cost  manufacture  coupled  with 
high  reliability.  In  its  simplest  form  the  gyro  consists  of  a  bar  supported  at  its  centre 
on  a  single-degree-of- freedom  elastic  hinge  (Pig. 1).  The  bar  and  hinge  assembly  are  fixed 
to  a  motor  shaft  which  is  rotated  at  an  accurately  controlled  speed.  A  rigorous  dynamic 
analysis  of  the  instrument  has  been  published  previously  (see  Reference*  1).  In  this  paper 
the  operation  of  the  instrument  is  described,  using  simplified  mechanical  concepts. 


2.  DESCRIPTION  OF  OPERATION 

The  simplest  way  of  visualising  the  behaviour  of  the  bar  is  to  consider  it  in  terms  of 
two  well  known  dynamic  effects:  firstly,  dynamic  unbalance  and.  secondly,  the  gyroscopic 
torques. 

It  is  convenient  to  consider  the  bar  as  a  system  of  point  masses  joined  with  a  weightless 
rod  (Pig.  2).  Consider  the  bar  initially  at  some  angle  not  perpendicular  to  the  spin  axis. 

As  the  driving  shaft  begins  to  rotate  there  will  be  a  powerful  torque  caused  by  the  centri- 
fugal  force  acting  on  the  masses.  This  will  cause  the  masses  on  the  bar  to  swing  out  until 
each  mass  lies  in  the  sane  plane  of  rotation.  It  will  be  seen  that  in  this  position  the 
centrifugal  forces  act  along  the  axis  of  the  bar  and  the  bar  will  continue  to  rotate  in 
one  plane. 

Consider  now  the  bar  spinning  in  this  configuration.  If  the  driving  shaft  is  displaced 
through  a  small  angle,  gyroscopic  forces  will  cause  th*  bar  to  tend  to  continue  to  rotate 
in  a  fixed  plane  independently  of  the  movements  of  the  driving  shaft.  The  elastic  hinge 
will  Introduce  a  torque  which  will  cause  an  unwanted  precession.  There  is,  however,  a 
negative  stiffness  effect  *ilch  arises  from  the  dynamics  of  the  system  and  ahich  is  proper* 
tlonal  to  ths  square  of  the  rotation  speed.  The  basic  principle  of  the  instrument  is  to 
arrange  the  rotation  speed  and  the  geometry  of  the  bar  so  that  the  dynamic  torque  exactly 
cancels  the  spring  torque.  The  behaviour  of  the  bar  will  then  approximate  to  that  of  a 
freely  supported  gyroscope  with  no  restraints.  The  nature  of  this  dynamic  negative  stiff¬ 
ness  torque  can  be  understood  from  Figure  3.  It  will  be  noted  that  the  representation  of 
tha  bar  fay  point  assets  has  been  extended  to  include  the  mass  distributed  along  the  spin 
axis. 

Let  the  driving  shaft  be  tilted  through  a  Mall  angle  a  .  This  will  introduce  s  cyclic 
ccmponsot  of  rotation  about  the  X-axis  of  the  bar  with  maximum  valuw 

w%  =  0  sin  x  . 

Velocity  of  aaasee  distributed  alomg  Z-axis. 


V  *  zHa  . 
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Coriolis  acceleration, 

A  =  20V  =  2-02Za  . 

Dynamic  torque  about  Y-axis, 

q0  =  2M(20zZJx)  =  4MZ202;i  . 

Spring  torque  about  Y-axis  due  to  elastic  suspension, 

qs  =  -  Ka  . 

Summing  torques, 

IU  -  4MZ2P2a  . 

which  gives  the  tuned  condition  when 


4MZ2 

The  plane  in  which  the  bar  is  rotating  can  be  processed  by  applying  a  torque  about  a 
perpendicular  axis,  as  with  a  normal  gyroscope.  In  practice  an  impulse  of  torque  la  applied 
to  the  bar  a  quarter  of  a  revolution  before  the  axis  of  precession  is  reached 

«e  have  discussed  the  torque  arising  from  the  elastic  hinge  when  the  driving  shaft  is 
misaligned  and  the  dynamic  torque  which  compensates  this.  There  is,  however,  another  torque 
which  arises  from  the  damping  forces.  When  the  bar  is  rotating  in  a  fixed  plane  and  the 
driving  shaft  is  misaligned  by  a  small  angle  (a),  the  bar  will  appear  to  oscillate  on  its 
hinge  ix  in  one  revolution  relative  to  the  fork  and  the  other  rotating  parts  of  the  instru¬ 
ment.  This  motion  introduces  a  damping  torque  mainly  due  to  windage  which  will  process  the 
gyro  about  the  axis  of  misalignment  and  in  a  direction  to  reduce  the  misalignment  to  rero. 

It  will  be  noted  that  a  similar  effect  appears  in  all  free  rotor  gyros  when  the  driving 
shaft  is  misaligned.  The  gyro  is  processed  by  the  damping  forces  at  a  rate  proportional  to 
the  misalignment  and  the  misalignment  ia  reduced  exponentially  with  tine.  The  damping 
torque  represents  an  unwanted  disturbance  of  the  gyro  and.  in  the  case  of  the  Oscillogyro, 
it  is  reduced  to  a  very  small  level  by  mounting  the  bar  in  a  rotating  container  *iich  is 
sealed  and  evacuated. 

It  is  important  to  realiae  that,  in  adopting  a  single-dtgree-of- freedom  suspension,  the 
ability  of  the  gyro  to  control  a  platform  about  two  axe*  has  not  been  lost.  Pick-offs  can 
be  arranged  in  two  pairs  to  measure  the  proximity  of  the  bar  to  a  reference  plane  on  the 
instrument  in  each  of  four  quadrants.  In  this  way  one  pair  of  pick-offs  will  measure 
displacement  of  the  gyro  about  one  axis  and.  a  quarter  of  a  revolution  later,  the  other 
pair  will  measure  the  displacement  shout  an  axis  st  right  angles.  Tht  instrument  can  be 
regarded  as  s  two -degree-of- freedom  gyro  eorking  on  a  time-sharing  basis. 

The  advantages  of  the  Oscillogyro  can  now  ;*  considered.  The  sensitive  mass  is  in¬ 
herently  simple  and  this  nininises  instability  of  the  asss  unbalance  torques.  There  is. 
for  example,  an  obvious  advantage,  compared  with  more  conventional  instruments,  in  having 
the  rotor  bearings  (with  their  possibilities  of  aass  shifts  due  to  wear)  outside  the 
sensitive  asss.  «»cn  the  gyro  is  used  in  the  spin  axis  vertical  configuration,  it  sill 
be  seen  that  there  can  be  no  drift  due  to  imbalance  since  the  unbalance  vector  I*  rotating 
with  the  rotor,  and  drift  (relative  to  s  fixed  frame  of  reference)  is  ooaauUted  to  sero. 

It  will  be  seen,  similarly,  that  a  bias  torque  from  the  suspension  system  cannot  cause 
drift  about  fixed  axes.  From  the  cost  point  of  view  the  main  advantage  ie  the  inherent 
aiaplicity  of  the  instrument,  the  elastic  hinge  is  simple  and  cheap  to  manufacture  «»d 
there  is  no  requirement  for  extreme  c leant  loess.  The  dyoalc  compensation  for  apring 
stiffness  allows  the  use  of  •  very  robust  elastic  suspension  without  Introducing  excessive 
demands  on  the  servo  follow-up  system. 
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The  sensitive  element  has  been  described  in  terns  of  a  bar  and  it  is  important  to  look 
briefly  at  the  reasons  for  this,  i.e.,  the  factors  which  control  the  shape  of  the  sensitive 
mass.  When  the  gyro  is  running  at  its  correct  speed  the  torque  arising  from  the  spring 
stiffness  due  to  a  small  misalignment  (such  as  an  error  in  the  platform  servo)  will  be 
exactly  compensated  for  by  the  dynamic  torque.  However,  if  there  is  an  error  in  speed  (or 
in  the  stiffness  of  the  hinge)  there  will  be  an  unwanted  torque  which  will  cause  drift. 

It  will  be  seen  that  there  is  an  advantage  in  minimising  this  by  keeping  the  uncompensated 
suspension  stiffness  as  low  as  possible  consistent  with  adequate  shock  capability  of  the 
suspension.  The  tuning  equation 

_  J_ 

4MZ2 

shows  that,  for  K  to  he  kept  small,  either  the  speed  or  the  axially  distributed  mass 
HZ*  must  be  minimised.  There  are  good  reasons  for  running  any  design  of  gyroscope  at  as 
high  a  spin  speed  as  possible  (for  example,  to  maintain  a  good  ratio  of  angular  momentum 
to  mass),  and  with  the  Osclllcgyro  there  is  the  added  requirement  that  the  rotation  speed 
must  be  kept  sufficiently  high  to  provide  a  good  3ervo  performance.  Now  this  means  that 
the  HZ2  term  should  be  minimised  and  in  practical  designs  the  sensitive  mass  tends  to  have 
the  characteristic  shape  of  a  bar  with  a  large  ratio  of  diameter  to  thickness. 

At  this  point  it  is  perhaps  appropr.ate  to  consider  the  similarity  of  the  Oscillogyro 
with  the  tuned  Hooke's  joint  clastic  hinge  gyro.  The  gimbal  of  the  Hooke’s  joint  gyro  cam 
be  regarded  in  the  same  way  aa  the  bar  of  the  Oscillogyro  in  tuning  out  the  spring  torques. 
This  hss  been  emphasised  in  Figure  4.  where  a  rotor  has  been  added  around  the  bar.  which  is 
partly  decoupled  from  the  bar  hy  a  second  elastic  hinge  system. 

At  the  risk  of  over-aieplificaM-n  it  can  be  said  that  the  angular  momentum  has  been 
increased  hy  the  addition  of  the  ring  without  significantly  Increasing  the  dynamic  torque  - 
since  the  ring  will  have  virtually  no  angular  velocity  about  the  X-axis.  The  tuned  speed 
will  therefore  depend  largely,  aa  before,  on  the  dimensions  of  the  bar  and  the  stlffbass 
of  the  hinge.  However,  for  a  givan  speed  tn**  servo  error,  there  will  be  a  lower  drift 
rate,  simply  because  the  angular  momentum  ham  been  increased. 

W«  can  see  in  a  general  way  that  the  Hooke's  Joint  suspension  will  allow  gyroscopes  to 
he  designed  with  a  lower  drift  rate  for  a  given  speed  and  servo  error,  but  «>th  this  there 
•ill  be  a  reduction  in  shock  loading  capability. 

In  our  experience  the  requirement  for  a  good  servo  performance  is  set  aa  much  by  the 
damping  torques  as  by  the  errors  in  tuning.  Tba  advantage  of  simplicity  in  the  use  of  a 
single  beerint.  <*  believe,  mey  outweigh  the  tbeoreticnl  advantages  of  the  two-degrwe-of- 
freedom  approach.  It  may  well  be  that  the  feature*  of  the  tro-degree-of- freedom  Hooke* a 
joint  design  can  beat  be  exploited  in  low  acceleration  application*. 


3.  fir  PRACTICAL  INSTRUMENT 

Fignre  %  shows  the  main  functional  parts  of  one  font  of  Oscillogyro.  The  lost  russet  has 
bean  designed  with  ease  of  servicing  in  mind  and  it  can  be  disassembled  into  three  amis  sub- 
assemblies,  the  drive  rotor,  the  sealed  ascii  lobar  container  and  the  resolver  and  pre¬ 
amplifier  assembly.  The  drive  motor  is  a  hysteresis  type  and  ia  driven  from  a  constant 
frequency  supply  to  provide  a  constant  speed  drive,  this  is  accessary  to  maiataia  the  tuned 
condition  and  also  to  provide  sufficient  accuracy  of  precession  hy  th«  torque  motor.  At 
osci) lobar  Is  mounted  on  a  cross- leaf  elastic  suspension.  It  Is  balanced  rod  tuned  and  the 
container  ia  then  sealed  and  evacuated. 

At  pick-offs  and  torque  motors  are  both  electrostatic  devices.  The  pick-otf*  fora  a 
capacitance  bridge  circuit  operating  at  200  kHx.  Insulated  plates  uv  now  ted  on  the  rou¬ 
ting  container  no  that  there  le  e  small  gap  between  the  plates  amd  the  oeci  1  lobar.  Fbur 
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plates  are  used,  one  pair  at  each  end  of  the  bar.  These  plates  are  connected  to  insulated 
forks  outside  the  sealed  container  which  form  the  rotating  member  of  a  capacity  resolver. 

The  stationary  member  nf  the  resolver  is  divided  into  segments  which  are  connected  to 
pick-off  and  torque  motor  circuits.  As  the  container  rotates,  the  insulated  plates  each 
side  of  the  bar  are  capacitativcly  coupled  in  turn  to  the  torque  motor  circuit  and  to  the 
pick-off  circuit,  first  foi  one  channel  and  then  for  the  other. 

The  capacitative  pick-off  has  a  high  source  impedance  and  a  pre-amplifier  is  necessary 
close  to  the  pick-off.  In  this  design  the  pre-amplifier  is  constructed  using  field  effect 
transistors  and  it  is  mounted  on  the  resolver  stator. 

The  rotating  plates  are  coupled  to  the  pick-off  circuit  twice  per  revolution.  The  output 
of  the  pick-off  consuls,  therefore,  of  a  train  of  pulses  which  are,  in  effect,  envelopes 
of  a.c.  at  the  pick -off  excitation  frequency,  the  amplitudes  of  which  represent  the  input 
angle,  i.e.,  the  angular  movement  of  u:e  gym  case.  The  two  axes  can  be  brought  out  on  one 
line  through  one  head  amplil:  .  or,  alternatively,  on  separate  lines  (see  Figure  6). 

These  pulses  have  to  be  rectified  in  a  phase- sensitive  rectifier  and  then  passed  through 
a  sample-and-hold  circuit  before  being  used  to  operate  the  platform  servos.  The  function 
of  the  sample-and-hold  circuit  is  to  average  the  level  of  the  pulse  and  to  hold  it  as  an 
error  input  to  the  servo  until  the  next  pulse  presents  itself.  The  time  between  successive 
pulses  represents  a  lag  in  the  servo  loop,  but  this  is  less  than  4  ms  for  rotation  speeds 
in  excess  of  8000  rev/min  and  does  not  create  a  serious  problem  in  the  design  of  the  plat¬ 
form  servos. 


4.  CONCLUSIONS 

The  Oscillogyro  belongs  to  the  new  family  of  tuned  elastically  supported  gyroscopes, 
several  examples  cr  which  are  currently  under  development  at  different  research  centres. 

The  approach  cffers  an  inherent  immunity  from  a  number  of  the  error  sources  which  affect 
more  conventional  gyroscopes,  together  with  a  basic  simplicity  of  construction.  It  promises 
low  cost  manufacture  coupled  with  high  reliability. 
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Assembled  Instrument 


Fig. 5  Sub-assembly  breakdown  of  experimental  prototype 


Pig.  6  Schematic  of  pick -off  outputs 
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The  PIPA  (Pulsed  Integrating  Pendulous  Acce leromet er )  >*ved  In  The  Apollo  Inertial 
Measurement  Unit  is  a  aoderate  cost,  high  performance  a ingle- degree -of- freedom,  specific 
force  integrating  receiver,  operating  closed  loop  as  a  torque  restrained  pendulum.  The 
instrument  is  one  of  a  class  of  floated  inertial  components,  constating  of  a  pendulous 
float  magnetically  suspended  in  a  viscous  fluid,  signal  generator  and  *orque  generator 
microsyns,  and  associated  electronics  and  calibration  ■vodulea. 

The  paper  examines  in  detail  the  theory,  fabrication,  and  operation  of  the  instrimwnt. 
The  float  dynamics  of  a  binary  (two-state)  torquing  loop  are  derived  and  the  results  of 
a  digital  simulation  relating  the  design  parameters  to  the  oscillatory  mode  and  response 
of  the  Instrument  are  presented. 

The  stability  of  the  electromagnetic  torquing  circuit  is  shoen  to  be  one  of  the  primary 
limitations  of  the  present  instrument  design,  and  the  factors  that  affect  this  stability 
are  examined.  Other  areas  discussed  Include:  torque  errors  resulting  from  fluid 
impurities,  floatation  problems,  failure  modes,  and  poser  requirements. 

The  paper  concludes  sith  a  summary  of  present  performance  capabilltlea  and  recommenda¬ 
tions  for  laprovement.  Suggested  changes  sould  substantially  improve  the  present  per¬ 
formance  and  make  the  instrument  suitable  for  longer  and  more  demanding  missions. 
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THE  PIPA 

(PULSED  INTEGRATING  PENDULOUS  ACCELEROMETER) 
George  J.  Buko* 


1.  INTRODUCTION 

The  PIPA  (Pulsed  Integrating  Pendulous  Accelerometer)  used  in  the  Apollo  Inertial 
Measurement  Unit  is  a  single-degree-of-freedon  specific  force  integrating  receiver,  opera¬ 
ting  closed  loop  as  a  torque-restrained  pendulum.  The  instrument  consists  of  a  pendulous 
float  magnetically  suspended  in  a  viscous  fluid,  signal  generator  and  torque  generator 
microsyns,  and  associated  electronics  and  calibration  nodules.  A  schematic  diagram  of  the 
Pulsed  Integrating  Pendulum  (PIP)  is  shorn  in  Plgure  1. 

The  pendulous  float  is  a  hollo*  beryllium  cylinder  with  built-in  mass  unbalance, 
ferrite  rotors  are  mounted  at  each  end  of  the  float,  aupportlng  the  magnetic  suspenaion 
and  the  alcrosyn  functions.  The  float  is  surrounded  by  heavy  fluid  which  provides  both  a 
buoyant  support  and  viscous  damping. 

An  applied  specific  force  along  the  input  axis  of  the  pendulum  cause*  a  rotation  about 
the  output  axis.  This  rotation  is  seased  by  the  signal  generator  and  is  used  as  an  error 
signal  to  initiate  a  response  from  the  torque  generator. 

A  cutaway  view  of  the  complete  pendulua  is  shown  in  figure  2.  '.*he  pendulous  mass  is 

shown  mounted  on  the  periphery  of  the  float  and  extends  into  a  small  groove  in  the  damping 
block.  The  width  of  the  groove  allows  maximum  rotation  of  the  float  of  *1°  of  arc.  The 
magnetic  suspension  stators  are  positioned  opposite  the  inside  portions  of  the  rotors, 
forming  part  of  a  coaxial  structure  with  the  torque  generator  on  one  end.  and  with  the 
signal  generator  on  the  opposite  end  of  the  instrument,  four  bellows  provide  volumetric 
compensation  of  the  damping  fluid  between  10°  and  ?l°C.  On  the  end  of  the  instrument, 
two  aligning  rings  permit  accurate  positioning  on  the  PIPA* a  input  axis  relative  to  the 
mounting  surface.  The  instrument  is  aligned  to  the  mounting  ring  before  incorporation  in 
the  inertial  measuring  unit  (IMU). 

The  overall  block  diagram,  showing  the  pendulum  within  its  control  loop,  is  shown  la 
figure  3.  The  signal  from  the  signal  generator  is  amplified  and  used  as  an  input  to  a 
sampler  (called  the  interrogator)  which  samples  the  signal  at  discrete  times  determined 
by  the  guidance  computer.  If  the  signal  exceeds  either  the  positive  or  negative  threshold 
of  the  interrogator,  a  command  pulse  is  seat  to  the  torque  generator  switch.  The  switch, 
la  turn,  commands  the  proper  polarity  current  to  the  torque  generator  of  the  instrument, 
nulling  out  the  error  signal  from  the  signal  generator. 

The  switching  times  are  precisely  controlled  by  the  switch!*  pulse  train,  and  the 
torquer  current  magnitude  is  controlled  by  am  ul  trust  able  d.c.  current  loop.  Torque  is 
applied  to  the  float  In  discrete  increments,  and  for  each  increment  a  pulse  is  generated 
and  neat  to  the  computer,  providing  a  continuous  monitoring  of  the  total  torque  applied 
to  the  instrument. 
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2.  BASIC  PARAMETERS 
2.1  Scale  Factor 

The  differential  equation  for  the  general  response  of  tne  pendulous  float  to  input 
accelerations  and  restraining  torques  from  the  torque  generator  may  be  written  as 

JAf(t)  +  CAf(t)  +  KAf(t)  =  MT0(t)  -  ml  aln(t)  .  (1) 

where 

Af(t)  =  angular  position  of  the  float  relative  to  its 
zero  or  reference  position  (radians) 

J  =  float  angular  moment  of  Inertia  (gm  cm7) 

C  -  viscous  damping  (dyne  cm  sec/rad) 

R  =  elastic  restraint  (dyne  cm  sec/rad) 

M rQ(t)  =  torque  applied  by  the  torque  generator  (dynes) 

ml  =  penduloslty  (gm  cm) 

ajB(t)  =  acceleration  input  (cn/aec*)  . 

The  elastic  restraint  term  is  due  to  the  asymmetries  in  the  suspension  and  nlcroayn 
circuits  and  is  small  compared  to  the  magnitude  of  the  applied  torque.  Thus  it  may  be 
neglected  for  moat  considerations.  One  exception  is  the  calculation  to  determine  the 
minimum  threshold  acceleration  of  the  instrument,  covered  in  Section  2.3. 

Integrating  Equation  (1), 

JAf(t)  ♦  CAf(t)  =  f*  MTQ(t)  dt  -  mi  £  a1#(t)  dt  ♦  C  .  (2) 

The  constant  term  results  from  the  initial  conditions  and  is  equal  to  JAf(0)  ♦  CAf(0)  . 
*TQ(t)  is  applied  incrementally  in  precisely  controlled  bits  in  either  the  positive  or 
negative  direction.  For  the  present,  these  Increments  of  torque  will  be  assumed  equal, 
la  both  the  positive  and  negative  directions,  and  of  magnitude  MT0  AT  ;  here  ttT0  is 
the  average  magnitude  of  the  applied  torque  sad  AT  la  the  length  of  time  each  Increment 
of  torque  is  applied.  Thus  the  applied  torque  integral  may  be  written 

I  “to"*  *  =  )c  2  (mT0at>  . 

Incorporating  these  changes  into  Equation  (2). 

J(Af(t)  -  Af<0»  ♦  C(Af(t)  -  Af(0))  s  5c  t  (MtoAT)  -  ml  J*  a.  (t>  dt  .  (2) 

The  left*hand  side  of  Equation  (3)  represents  a  change  in  momentum  stored  within  the 
float.  Under  controlled  conditions  this  momentum  change  may  be  assumed  equal  to  aero, 
further  siapllfylag  the  equation  to 

Vu  *  *  ■*  J*  *..Ct)  dt  . 

tit 


(4) 
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Equation  (4)  presents  the  basic  relation  between  the  input  acceleration  and  the  applied 
restraining  torque.  The  Integrated  acceleration,  or  velocity  increment,  obtained  over 
any  given  period  of  tiae,  is  equal  to  n(MTfl  AT /ml)  ,  where  n  is  the  net  nuaber  of 
torque  pulses  occurlng  over  that  interval  of  tine.  The  ten  (MTg  AT/al)  is  the  velocity 
equivalent  of  one  torque  pulse  and  is  defined  as  the  scale  factor  of  the  lnstruaent, 
having  the  units  of  cn/(sec  pulse). 


2. 2  Binary  Operation 

The  torquing  loop  employed  with  the  PIPA  is  a  two-state  (or  binary)  loop,  with  torque 
applied  continuously  in  either  positive  or  negative  directions.  Therefore,  even  with  no 
input  acceleration,  current  is  switched  alternately  froa  positive  to  negative  torque 
windings  and  the  float  is  aalntained  m  a  continual  state  of  oscillation.  The  parameters 
of  the  lnstruaent  deternlne  which  state  of  oscillation,  or  node,  the  float  will  aaintaln. 
If  "a”  pulses  occur  alternately  in  each  direction,  an  a: a  node  la  defined  to  exist.  A 
coaplete  derivation  and  discussion  of  the  dynaalc  response  of  the  lnstruaent  is  presented 
in  Section  4. 

Under  a  no-input  condition,  the  equation  of  equilibrium  becomes 

S  <m!0  AT  -  Ml.  AT)  =  0  .  (3) 

t»o  ‘ 


assuming  no  change  in  float  storage.  In  general,  M*#  i  .  and  the  nuaber  of  positive 
pulses  will  not  equal  the  nuaber  of  negative  pulses  over  any  given  period  of  tiae. 


If  n,  is  the  nuaber  of  positive  torque  pulses  applied  during  tiae  t  and  n,  is 
the  nia&er  of  negative  pulses,  the  following  relations  any  be  obtained: 


rM™  =  ^ 


IS -I  *.n 

2 


*  *  n, 


J  ' 

Dividing  Equation  (?)  by  Equation  (8)  and  cross-aultiplying  yields 

(n,  -  #,)(*;„  ♦  n;fl)  -  (a,  ♦  »,)(«;,  -  M^)  =  0  . 
Multiplying  by  AT/2a(  . 

(#  -  o  )  at  -  (a,  ♦  n  )  ~  *T1  at  =  0  . 

*  1  2a J  1  1  2a! 


(«) 

(?) 

(•) 


(•) 


(10) 


Equation  (10)  presents  the  eqeilibriua  relationship  between  the  seals  factor  and  the 
bias  or  the  salt  under  a  no- input  condition.  The  tern  (mJq  -  l*g),\T/2af  is  similar  to 
the  scale  factor  defined  in  Section  2.1  sad  is  termed  the  averse  scale  factor.  The 
differential  tern  (M^#  -  M^#)  AT/2a 1  represeats  the  label  sees  exist lag  bvteeea  the 
positive  sad  negative  torquers  sad  is  defined  as  the  hiss. 


v  v-.. 
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2.3  Minima  Threshold 

The  ainiaua  threshold  of  the  instruaent  nay  be  determined  by  again  referring  to 
Equation  (1).  For  very  saall  inputs  the  notion  of  the  float  nay  be  treated  as  the  sun  of 
two  terns:  an  oscillator  response  due  to  the  alternate  torquing  of  the  positive  and 
negative  torquera,  and  a  sloe  rotation  of  the  float  caused  by  the  input  acceleration.  If 
the  float  noves  far  enough  from  null,  one  torquer  remains  on  for  one  pulse  length  longer 
than  normal  to  return  the  float  to  null. 

In  steady  state,  the  float  notion  resulting  frcn  one  pulse  of  .orque  sill  be  equal  to 
(M/C) AT  ,  since  all  of  the  energy  of  the  pulse  is  used  to  nove  the  float  through  fluid. 
Thus,  the  initial  excursion  of  the  float  required  to  cause  a  torquer  inbalance  of  one 
pulse  is  again  (M/C) A  T  .  The  torque  produced  by  elastic  restraint  tR  for  an  excursion 
of  (M/C)  AT  is 


KM 

=  —AT  . 
C 


(11) 


The  input  acceleration  nust  cause  a  torque  on  the  float  at  least  equal  to  tR  in  order 
to  be  sensed  by  the  instrunent.  Thus 


KM 

ml'in  >  7't- 


ia 


KMAT 

Cal 


(12) 


3.  MESCRIPTIMN  OF  OPERATION 
3.1  Magnetic  Suspension 

The  PIPA  makes  use  of  teo  quasi-elastic  magnetic  support*  to  properly  position  the 
neutrally  buoyant  float  nithln  the  case.  A  cross-section  of  the  a*netic  structure  used 
is  shorn  in  figure  4.  This  figure  depicts  the  unique  feature  of  separated  suspension 
and  transducer  functions  using  a  single  coaxial  structure.  Radial  and  axial  centering  is 
produced  by  action  of  the  suspension  magnetic  field  on  the  inner  surface  of  the  tapered 
rotor. 


A  schematic  of  the  suspension  circuit  is  shorn  in  figure  3.  The  four  coils  represent 
the  effective  inductances  along  the  plus-and-minus  X  and  T  axes.  The  capacitors  are 
mounted  la  a  potted  module  external  to  the  PIP  and  provide  the  proper  tuning  to  effect 
stable  magnetic  restoring  forces  on  the  rotor. 

The  underlying  basis  for  the  suspension  circuit  used  nay  be  staply  stated  as 


(13) 


Pa  =  restraining  force  on  the  rotor  due  to  a  stator 
pole 

•t  =  magnetic  energy  in  the  air  gap 
t  =  air-gap  length  . 
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The  air-gap  energy  is 


Wg  =  i(»IP)gP|  , 


(14) 


where 

(MMF)| 

=  air-gap  magnetomotive  force 

P« 

=  air-gap  peraeance  . 

Therefore 

_  l 


KMMF) 


(15) 


To  establish  a  relationship  between  the  suspension  stiffness,  or  dPR/dg  ,  and  the 
circuit  paraaeter  requires  considerable  algebraic  Manipulation1.  The  results  of  the 
derivation  are  suaaarlzed  below.  Defining  the  teras 


(16) 


and 


f(Q) 


1  * 

(i  ♦  Q'V'  * 


(IT) 


(18) 


where 


and 


% 

Lt 

L 

C 

R 


the  Q  of  the  suspension  coll 
the  overall  Q  of  the  circuit 
self- inductance  of  the  coll 
leakage  inductance 
series  capacitance 
effective  resistance 

escltatlon  frequency  , 


dr 

dg 


at) 


where 

V  terminal  voltage 

gj  -  centered  air-gap  value  . 

la  order  to  have  a  stable  restoring  forre,  f(Q)  asst  be  aegat ive  and  Q.  asst  be 
greater  than  aero.  A  f sally  of  carves  shooing  the  values  of  f*Q)  as  a  function  of  Q(  , 
for  different  valaes  of  9,  .  Is  shown  la  Figure  6.  The  aaaiasa  suspension  stiffness 
occurs  near  the  three-quarter-poser  point,  where  9,  £  1 A 3  . 
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The  normal  operating  point  for  the  PIPA  is  the  second  (inductive)  half-power  point, 
shown  on  the  curve.  This  po(.nt  was  chosen  to  insure  a  stable  suspension  for  all  possible 
values  of  g0  resulting  from  axial  motion  of  the  float.  When  the  float  is  not  suspended 
it  can  move  to  an  axial  extreme.  If  the  suspension  is  applied  at  such  time,  the  value  of 
g  at  one  end  of  the  instrument  will  be  higher  than  normal,  resulting  in  a  smaller  value 
of  Qj  .  This  value  of  Qt  must  be  kept  larger  than  the  minimum  value  required  for 
adequate  stiffness. 


3.2  Signal  Generator 

Float  rotations  are  sensed  by  an  angle-to-voltage  transducer  called  a  signal  generator. 
A  cross-section  view  of  the  signal  generator  stator  and  rotor  is  shown  in  Figure  7.  The 
primary  coil  of  the  signal  generator  (SG)  is  wound  in  series  around  each  of  the  eight 
stator  poles.  The  flux  paths  set  up  by  these  poles  are  typified  by  the  flux  paths  shown 
in  the  figure.  The  SG  secondary  coils  are  wound  such  that  the  even-numbered  poles  are  in 
phase  with  Wie  primary,  and  the  odd-numbered  poles  are  180°  out-of-phase.  If  the  con¬ 
toured  outside  diameter  of  the  rotor  is  perfectly  centered  and  at  zero  rotation  relative 
to  the  stator  (as  showp  in  the  figure),  the  total  signal  induced  in  the  secondary  of  the 
SG  is  zero.  If  a  rotor  (float)  rotation  occurs  in  either  the  positive  or  negative 
direction,  a  corresponding  in-pfcase  or  out-of-phase  output  is  obtained  across  the  SG 
secondary,  since  the  reluctance  seen  by  the  positive  secondary  poles  is  no  longer  equal 
to  that  seen  by  the  negative  poles. 


The  current  in  the  SG  primary  may  be  written  as  i  =  I  cos  a>Qt  .  The  corresponding 
voltage  induced  in  the  secondary  is  * 


Vs(t) 


KfiI 


Sy 


dt 


Uf  (t) 


cos  ojQt]  , 


(20) 


where  Kg  is  a  proportionality  constant  resulting  from  the  circuit  geometry.  Expanding 
Equation  (20), 

vs(t)  =  Kslp(cos  «0t)Af(t)  -  KsIpAf(t)w0  sin  w0t  .  (21) 

The  induced  secondary  voltage  is  filtered  by  a  tuned  second-order  filter,  as  shown  in 
Figure  8'a).  The  output  of  the  filter  lags  the  induced  voltage  by  90°.  if  the  time  of 
interrogation  is  at  t  =  0  ,  the  filtered  rate  term,  K^Ip  cos  (o>0t  -  90°)  Af(t)  ,  will 
be  crossing  through  zero  and  the  total  instantaneous  output  will  be  a  function  of  only 
the  float  position.  The  phase  relationships  of  the  voltages  and  currents  in  the  SG  circuit 
are  shown  in  Figure  8(b). 

3.3  Torque  Generator 

Except  for  the  way  the  coils  are  wound,  the  torque  generator  (TG)  cross-section  is 
identical  to  that  of  the  SG.  The  position  of  the  TG  coils  and  resultant  flux  paths  for 
positive  torque  are  shown  in  Figure  9.  Since  only  one  torquer  is  on  at  any  time,  there 
are  two  minimum-energy  rotor  positions,  one  for  positive  torque  and  one  for  negative 
torque.  The  rotor  always  tends  to  line  up  at  the  minimum-energy  position  opposite  the 
working  poles.  However,  the  frequency  of  switching  allows  only  a  minute  oscillation 
about  a  center  point  midway  between  the  minimum  energy  points.  The  torque  produced  is 
proportional  to  the  square  of  the  flux  linking  the  rotor  poles  and  thus  is  a  function  of 
the  square  of  the  torquer  current. 

3.4  Electronics 

A  portion  ol  the  overall  control-loop  block  diagram  detailing  the  electronics  is  pre¬ 
sented  in  Figure  10.  The  filtered  80  signal  is  amplified  by  the  preamp  and  a.c.  differ¬ 
ential  amplifier  and  sent  to  the  interrogator.  The  interrogator  utilizes  two  Schmidt 


437 


triggers,  synchronized  by  the  interrogator  pulse  train  from  the  computer,  or  system  clock, 
to  determine  the  polarity  of  the  signal  from  the  a.  c.  amplifier.  The  outputs  from  the 
Schmidt  triggers  control  the  state  of  two  multivibrators,  commanding  either  positive  or 
negative  torque  from  the  switch. 

The  binary  current  switch  controls  the  direction  of  the  current  flow  from  the  current 
source,  in  accordance  with  the  commands  received  from  the  interrogator.  A  switch  pulse 
train  synchronizes  the  switching  of  the  second  multivibrator  stage  in  the  interrogator 
such  that  the  pulses  of  current  sent  through  the  torque  windings  are  of  equal  width. 

The  current  control  loop  is  expanded  in  Figure  11.  The  output  of  the  switch  is  sent 
to  the  calibration  module.  This  module  provides  the  necessary  passive  components  to  make 
the  torquer  coils  of  the  PIP  appear  purely  resistive,  thus  controlling  switching  transients 
and  optimizing  current  stability.  Bias  adjustment  is  obtained  by  use  of  the  resistive 
shunting  circuit;  and  fine  padding  of  the  resistive  loads  Rj  ,  in  series  with  the  torque 
windings,  allows  equalization  of  the  time  constants  r  and  r2  . 

The  voltage  drop  across  the  scale  factor  (SF)  resistor  is  compared  with  a  precision 
voltage  reference  (PVR).  The  error  voltage  is  amplified  by  a  high-gain  d. c.  differential 
amplifier  and  used  to  control  the  current  magnitude  in  the  loop. 

3.5  Parameter  Summary 

Figure  12  summarizes  the  typical  operating  parameters  for  the  Apollo  PIPA.  Values  for 
torque  constant,  torque  current,  and  scale  factor  are  given  for  the  two  PIPA  configurations 
used.  Command  Module  (CM)  and  Lunar  Module  (IAI).  Different  calibration  modules  are  used 
to  provide  the  difference  in  torque  current  between  the  two  configurations. 

The  open-loop  power  includes  that  used  for  the  suspension  and  SG  circuits.  The  closed- 
loop  power  is  the  sum  of  the  open-loop  power  and  the  power  dissipated  in  the  torque 
windings. 


4.  DYNAMIC  RESPONSE 

It  has  been  shown'  that  pulse  rebalance  loops  with  nonlinear  samplers  can  be  treated 
with  descrlbiiu;  function  techniques  to  predict  the  modes  of  oscillation  that  will  occur 
for  given  operating  parameters  and  input  conditions.  While  such  methods  are  helpful  as 
general  design  tools,  they  do  not  readily  allow  adequate  definition  of  the  control  loop 
to  permit  accurate  analysis  of  an  operating  instrument.  To  obtain  the  required  accuracy 
and  definition,  a  piecewise  linear  approach  was  used  in  the  analysis  of  the  PIPA. 

Between  any  two  switching  times,  and  with  the  assumption  of  some  constant  input 
acceleration,  the  PIPA  float  motion  is  easily  described  by  a  second-order  differential 
equation.  Representation  of  other  portions  of  the  control  loop  by  linear  transfer  functions 
allows  the  voltage  input  to  the  interrogator  to  be  calculated  at  each  sample  time.  If  the 
voltage  seen  by  the  interrogator  exceeds  the  threshold  voltage,  a  switching  condition 
occurs  and  the  torque  reverses  direction.  The  initial  conditions  may  then  be  updated  and 
the  process  repeated.  In  this  manner  the  output  pulse  train  of  the  instrument  may  be 
obtained,  as  well  as  its  response  to  a  particular  set  of  initial  conditions. 

For  the  purpose  of  this  derivation,  the  buoyant  support,  augmented  by  the  magnetic 
suspension,  is  assumed  to  be  infinitely  stiff.  Small  deviations  from  this  condition  in 
an  actual  instrument  will  not  materially  affect  the  conclusions  reached.  The  mathematical 
expressions  for  the  different  portions  of  the  loop  are  presented  in  the  following  sections. 
The  justification  for  the  mathematical  model  derives  from  the  discussion  of  the  PIPA 
operation  presented  in  Sections  1-3. 
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4.1  Equation  of  Motion 

The  basic  equation  of  motion  of  the  float  under  the  assumption  of  zero  input 
acceleration  is 


JAf(t)  +  CAf(t)  =  M(t)  . 


(22) 


The  expression  for  M(t)  is 


M(t) 


M(l  -  e't/r)'4 


nAT 


+  M(e"t/T)  2 


nAT 


(23) 


where 


r  is  the  time  constant  of  the  torquer  current 

M  is  the  maximum  torque  applied 

n  is  the  number  of  torque  pulses  applied 
between  switching  times 

AT  is  the  length  of  one  pulse  of  torque  . 

For  normal  operation  at  the  Instant  of  switching,  the  current  in  one  torquer  begins  to 
decay  to  zero  while  that  in  the  other  begins  its  rise  to  maximum  current.  Thus,  the  total 
torque  applied  from  time  zero  (the  switching  time)  until  the  next  instant  of  switching  is 

[M(t)]totai  =  M(1  -  e't/T)2  -  (e‘t/T) 2  ,  (24) 

where  the  rise  times  in  the  two  current  loops  are  assumed  equal  and  M+  =  M'  .  Simplifying. 

M(t)  =  M(l  -  2e’t/r)  .  (25) 


Substituting  in  Equation  (22), 

JAf(t)  +  cAf(t)  =  M(1  -  2e*t/T)  . 


(26) 


(a)  Initial  Conditions 

Before  solving  for  the  equation  of  motion,  a  possible  set  of  initial  conditions  must 
be  established.  For  a  PIPA  operating  in  at  least  a  2:2  mode  (minimum  of  two  pulses  in 
each  direction  under  no  input  conditions)  the  float  time  constant,  J/C  ,  is  small  enough 
so  that  the  velocity  of  the  float  at  any  switching  time  may  be  equated  to  M/C  in 
magnitude.  The  initial  position,  A;(0)  ,  may  be  chosen  to  be  at  a  point  farther  away 
from  null  than  the  minimum  threshold  angle  that  can  be  detected  by  the  interrogator. 


(b)  Solution 

Solving  Equation  (26)  and  eliminating  second-order  terms  yields 


Af(t) 


1  -  rC/J ) 


+  Af (0)  . 


4. 2  Signal  Generator 

Equation  (21)  defined  the  signal  generator  output  as 

V,(t)  =  -  KaIpAf(t)  aincu0t  , 


(27) 


(28) 
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assuming  the  rate  term  is  equal  to  zero.  Substituting  Equation  (27)  into  Equation  (28), 


V*>  =  -K8Ip 


/ 


2J  e 

-  4t  -  2 r - 1  1  - 

C 


-ct/j 


>  +  Af(0) 


C  \  1  -  Cr/J/ 

The  tuned  filter  at  the  output  of  the  SG  has  a  transfer  function 

F(s)  = 


sin  o)0t  . 


(29) 


(1/LSCS) 


a2  +  (Rt/L8)s  +  (l/LaCs) 


(30) 


4.3  Total  Equation 

Combining  Equations  (29)  and  (30),  and  Incorporating  a  gain  factor  to  account  for  the 
amplification  in  the  loop,  the  following  relation  is  obtained: 


V, (s)  =  GVs(s)F(s)  . 


(31) 


where 

Vj(s)  is  the  Laplace  transform  of  the  input 
to  the  interrogator 

G  is  the  amplifier  gain  product 

V8(s)  is  the  Laplace  transform  of  V#(t)  . 


The  solution  to  Equation  (31)  is  presented  in  the  Appendix.  For  the  purpose  of  the 
present  discussion  the  solution  can  be  simplified  to 


D  f+  CAf 

f. (t)  =  -  - L 

1  C 


(0)  -  2TJI  -  (2MJ/C)  ,  0  2MF -  ,.  .  . 

-  sin  (^0t  ♦  90°) - j*  cos  (o!„t  +  tan  a0/o>0)  + 


«t  sin  (c*),, 


,t  +  90°)  1 

2 -  +  E(t)  , 

j  _ 


(32) 


where  the  new  terms  Introduced  are  defined  aa 


D  =  constant  multiplier  resulting  from  fixed 
parameters  in  the  loop 

F,.  F?  =  conatanta  derived  from  the  SG  secondary 

circuit  parameters  and  the  excitation  frequency 

total  resistance  in  BG  secondary  circuit 

a  =  .  —  — — . -■  - - 

0  2  SO  secondary  Inductance 

Eft)  =  exponential  terms  in  the  equation. 


The  Apollo  FIFA  typically  modes  2:2  or  higher  and,  under  these  conditions,  the  expon¬ 
ent  ial  terse  are  negligible  and  will  be  omitted  in  the  following  dlscuaaioo  Furthermore, 
if  the  time  of  interrogation  it  the  same  as  the  time  of  eeltching,  t  =  2nu/u>0  ,  the 
value  of  V,(t)  suet  be  equal  to  or  greater  than  the  minimus  threebold  voltage  of  the 
Interrogator,  VQ  ,  for  the  given  value  of  n  ,  if  eeltching  ie  to  occur.  Thus,  the 


requirement  for  switching  may  be  expressed  ss: 


DM  f  c  2J  2F,  ,  . ,  ,  .  2rrn 

v0  **  —  +  -  Af(0)  -  2T  -  —  -  — i  cos  (al  t  +  tan  a  /« )  + -  . 

CPj  M  c  pi  wo 


Further  simplifying. 


(33) 


(34) 


Equation  (34)  defines  the  dynamic  response  of  the  P1PA.  B,  represents  the  angle  through 
which  the  float  must  move  in  order  for  a  switching  condition  to  occur.  Both  components  of 
Bt  are  of  the  same  sign,  since  Af(0)  is  always  negative  relative  to  the  direction  of 
motion,  lor  high  values  of  C  ,  Bt  predominates  in  the  equation.  B}  represents  the 
Inertia  effects  due  to  reversing  the  momentum  of  the  float.  This  tern  is  the  dominant 
factor  in  the  equation  for  low  values  of  C  . 


B3  is  the  driving  term,  having  to  overcome  the  position  and  inertia  terns.  The 
magnitude  of  B,  varies  directly  with  n  ,  the  number  of  torque  pulses  applied  in  a  given 
direction.  The  M-2r  ”  is  present  to  account  for  the  effect  of  the  time  constant  in  the 
torque  current  loop.  The  sinusoidal  component  represents  an  information  lag  due  to  the 
SG  filter. 


The  Interplay  between  the  above  terms  determines  the  mode  which  will  exist  in  a  parti* 
cular  configuration  and  the  response  of  the  instrument  to  a  given  set  of  circumstances. 

The  presence  of  an  input  acceleration  modulates  the  driving  tens  B,  and  results  in  an 
unbalanced  pulse  sequence,  counteracting  the  acceleration  input. 

A  further  examination  of  Equation  (34)  indicates  that,  for  a  PIPA  operating  in  a  given 
teat  configuration,  the  only  tens  subject  to  variation  in  the  equation  are  Af(0)  and 
n  .  Af(0)  will  vary  as  a  function  of  the  interrogator  sampling  and  the  input  acceleration. 
With  no  input,  and  with  optimum  sampling,  Af(0)  will  be  a  minimum,  and  a  minimum  value 
of  n  will  occur. 

The  minimum  value  of  n  can  be  shown  to  vary  as  a  function  of  C  by  graphing  the 
terms  in  Equation  (34),  with  Af(0)  equal  to  a  minimum.  In  Figure  13.  C  is  plotted  as 

the  abcissa  and  the  terms  B(  .  B}  .  and  B,  are  plotted  In  absolute  value  aloog  the 

ordinate.  Dimensionally,  each  of  the  ordinate  tarns  has  the  units  of  time. 

B,  is  positive  for  n  =  1  and  is  constant  for  any  given  value  of  n  .  The  plot  of 

B,  thus  appears  as  horimoatal  lines,  differing  in  ordinate  value  by  seconds. 

Bt  and  Bj  appear  as  linear  and  hyperbolic  plots,  respectively. 

In  order  for  a  swltcbleg  condition  to  occur,  Equation  (34)  must  be  positive.  Thus,  the 
minimum  value  of  a  for  which  switching  will  occur  is  the  manliest  value  of  n  for  which 
B,  is  greater  than  the  sum  of  B,  ♦  B,  (shown  an  a  dashed  line  in  Figure  13).  For  all 
C  values,  B,  <  I(B,  ♦  B,)  .  for  n  =  2  ,  and  a  2:2  mode  cannot  exist.  A  3:3  mode  does 
exist  for  both  C,  and  C,  since,  for  these  values  of  C  .  (B,)MJ  >  1(B,  ♦  Bt)  . 

tt  should  be  noted  that  the  highest  mode  that  will  actually  exist  will  be  dependent  on 
the  maximum  variation  permissible  la  Af(0)  .  (AAf(0))MS  has  a  limiting  value  of 
(M/C)&T  ,  the  steady-state  distance  the  float  will  travel  doe  to  one  torque  pulse.  In  an 
operating  instrument  ^ArcO>}—%a  is  somewhat  smaller  than  the  limiting  value,  and  the 
maximum  variation  la  a  will  be  less  than  one.  for  C  =  C,  in  Figure  13,  the  permissible 
raage  of  A,(0)  allows  the  sum  of  B,  ♦  B,  to  be  greater  than  (B,)b.,  .  requiring  the 
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occurrence  of  a  4:4  node.  Thus,  for  operation  at  C  =  C,  ,  both  3:3  und  4:4  nodes  will 


3:3  node  exists. 


is  always  greater  than  the  sun  of 


and  only  the 


4.4  Computer  Simulation  Results 

The  complete  fora  of  Equation  (34)  (Equation  (A3)  in  the  Appendix)  was  programed  on 
an  IBM  360  conputer  and  used  to  determine  the  average  noding  of  the  PIPA  as  a  function  of 
C  ,  J  ,  and  M  .  The  results  are  presented  in  Figures  14-16. 


The  curve  obtained  for  varying  C  in  Figure  14  basically  reseables  the  sun  of  terns 
Bj  +  B2  shown  in  Figure  13.  In  the  case  of  the  actual  unit  paraneters,  the  2J/C  decay 
closely  approxinated  the  rise  of  the  linear  function  of  C  in  the  region  near  Intercept, 
resulting  in  a  narked  flattening  of  the  curve. 


Figure  15  shows  that  the  PIPA  average  node  Increases  as  J  Increases.  Increasing  J 
anplifies  the  Inertia  effects  and  increases  the  tine  required  for  the  float  to  traverse 
the  angle  between  interrogator  thresholds,  resulting  in  a  higher  node. 

A  plot  of  average  node  as  a  function  of  M  is  shown  in  Figure  16.  For  snail  values  of 
M  ,  Bj  in  Equation  (34)  bee ones  large  relative  to  the  distance  the  float  travels  due  to 
one  torque  pulse,  causing  the  nodin^  to  increase.  For  large  values  of  M  .  B.  Is 


negligible  coupared  to 
dependent  of  N  . 


.  anJ  an  essentially  constant  node  is  obtained,  ln- 


Figures  17  and  18  ahow  the  couput er • pred 1 ct ed  response  of  the  PIPA  to  a  square  wave 
input  over  a  wide  frequency  range.  The  input  was  purposely  unbalanced  so  that  a  net 
input  would  result.  In  this  way  a  required  nintber  of  ifa  (restoring  pulses)  to  be 
expected  fron  a  perfect  ac'eleroneter  could  be  calculated  and  compared  with  the  output 
predicted  by  the  conputer. 

Figure  17  shows  the  oesputed  outputs  for  a  CM  PIPA  to  be  within  leas  than  if  of  the 
actual  input,  up  to  a  frequency  of  1700  (is.  Figure  18  shows  alnilar  results  for  a  Ul 
PIPA.  These  results  are  not  surprising  when  it  is  recalled  that  an  iaplicit  assunptloo 
in  the  design  of  the  PIPA  is  that  the  float  acts  as  a  perfect  Integrator.  Figures  17  and 
18  bear  out  that  aaauuptlon. 


8.  OPERATIONAL  INSTABILITIES 

There  are  three  paraneters  of  i sport ance  in  deternlnlng  the  stability  and  performance 
of  the  PIPA:  scale  factor,  bias,  and  input-axis  position. 

S. I  Scale  Factor  and  Bias  Equations 


The  scale  factor,  as  defined  in  Section  2.  was  given  as 

(B*  ♦  M”)  AT 

8F  =  - ; -  . 

2nf 


The  torque  N  produced  by  the  torque  generator  nay  be  written  in  terns  of  the  nlcronyn 
paraneters  as 

a  =  atWi'k/g,  ,  (3 


442 


where 


M  is  the  electromagnetic  torque  applied  in  either 
the  positive  or  negative  direction 

N  is  the  number  of  turns  per  coil  pair 

r  is  the  outside  radius  of  the  rotor 

d  is  the  effective  length  of  the  rotor 

I  is  the  torque  current 

M  is  the  permeability  of  free  space 

gn  is  the  nominal  air  gap 

k  is  a  correction  factor  to  account  for  core 
losses  in  the  iron  . 


The  product,  NJrdu  ,  may  be  equated  to  some  constant,  K,  .  and  Equation  (36)  substituted 
into  Equation  (35)  to  give 


SF 


K,I*AT(k*  ♦  k~) 

ml*n 


(37) 


The  correction  terms  k*  and  k*  .  referring  to  the  positive  and  negative  torqnlng 
directions,  mill  in  general  not  be  equal,  since  the  magnetic  states  of  the  iron  in  the 
tso  torquer  flux  paths  mill  normally  differ.  In  order  to  be  completely  general,  the  AT 
term  should  Indicate  the  effects  of  different  time  constants  in  the  torquer  compensation 
circuits  and  possible  inequalities  in  the  switching  characteristics  of  the  output  tran- 
sistors  in  the  binary  current  switch.  For  the  purpose  of  the  present  discussion  it  is 
assumed  that  these  terms  have  been  adequately  compensated  such  that  a  nominal  value  of 
AT  can  be  used  for  both  positive  and  negative  torquing. 


The  bias  eipreasioo  corresponding  to  the  expression  for  scale  factor  shown  in  Equation 
(37)  la 


,IfAT  [k*  k  " 

- - -  “T - T  • 

1  If  «_ 


(33) 


The  air  gaps  in  general  will  not  be  equal,  and  thus  g*  and  g*  represent  the 
effective  air  gaps  for  positive  and  negative  torquing  respectively.  Equation  (38)  is 
written  assuming  that  the  bias  compensation  network,  shown  in  Figure  11,  is  open.  The 
addition  of  this  circuit  will  predictably  alter  the  discussion  presented  here  and,  for 
clarity,  it  is  omitted. 


S  t  Variation  to  I 

The  stability  of  the  torquer  current  is  of  major  importance  in  maintaining  s  stable 
scale  factor.  The  degree  of  current  stability  will  in  great  measure  depend  on  the 
stability  of  the  FVt  and  the  scale  factor  resistor.  The  PVR  is  a  cascaded  saner  diode 
voltage  source.  The  final  stage  is  chosen  to  operate  at  a  voltage  where  the  temperature 
coefficient  of  the  diode  crosses  through  cero.  Voltage  deviations  of  the  PVR  are  less 
than  10  ppm/ywar,  with  a  temperature  coefficient  of  less  than  3  ppm/°C. 
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The  scale  factor  resistor  is  a  parallel  combination  of  precision  resistors  with  low 
temperature  coefficients.  One  leg  of  the  network  contains  s  potentiometer  which  allows 
accurate  adjustment  of  the  current  to  any  desired  value.  Resistance  stability  is  approxi¬ 
mately  3  ppm/year. 

The  d.c.  amplifier  is  designed  to  keep  transients  as  smal*  as  possible  and  to  minimize 
current  changes  due  to  variations  in  supply  voltage. 

Prom  Equation  (25)  it  is  evident  that  variations  in  current  till  have  little  effect  on 
bias  stability  unless  {(k*/g*)  -  (k'/g*)}  is  large.  Since  the  bias  is  kept  at  a  small 
value,  the  primary  effect  will  be  on  the  scale  factor  of  the  instrument. 

5.3  Variations  in  k*  and  k* 

The  primary  source  of  scale  factor  and  bias  instability  in  the  PIPA  is  the  variation 
in  the  magnetic  state  of  the  iron  in  the  torquing  circuit.  The  magnetic  parameters  of 
the  iron  are  effected  by  temperature  changes,  large  float  rotations,  torquer  current  over¬ 
shoots,  and  variations  in  3200-Hz  excitation  voltage  to  the  magnetic  suspensions. 
Temperature  variations  cause  changes  in  stress  exerted  by  the  potting  encapsulating  the 
torquer  microsyn.  The  changes  in  stress  cause  corresponding  changes  in  permeability  of 
the  iron.  Since  the  effect  of  the  potting  is  similar  for  both  positive  and  negative 
torquing  circuits,  temperature  changes  primarily  affect  scale  factor,  and  the  bias  changes 
are  almost  negligible. 

A  change  in  bias  and  scale  factor  can  occur  if  a  malfunction  lo  the  torquing  loop 
causes  an  unstable  condition  long  enough  to  torque  the  float  to  a  rotary  stop.  In  such  a 
case.  full  flux  density  will  exist  along  portions  of  the  rotor  which  normally  see  only 
fringing  fields,  resulting  in  a  shift  in  magnetic  state.  The  effect  will  be  primarily  a 
bias  effect,  since  one  direction  of  torquing  will  be  predominantly  affected. 

Torque  current  orershoots  may  result  from  shorts  in  the  circuit  or  a  large  overvoltage 
applied  to  the  d.c.  current  source.  The  effect  of  an  overshoot  is  to  drive  the  torque 
generator  microsyn  to  a  higher  operating  point  on  the  B-H  curve.  Upon  removal  of  the 
overshoot  condition  the  torquer  will  return  to  an  operating  point  somewhat  higher  than 
the  initial  one,  with  a  resulting  increase  in  M  .  If  the  overshoot  occurred  long  enough 
to  affect  both  torquers,  the  primary  change  seen  will  be  in  scale  factor.  If  only  one 
torquer  is  affected,  a  large  bias  shift  will  result. 

The  single-piece  rotor  on  the  TC  end  of  the  PIP  carries  flux  from  both  the  suspension 
and  TO  circuits.  Variations  in  the  level  of  the  suspension  flux  can  cause  variations  in 
k*  and  k'  .  These  terms  are  particularly  sensitive  to  suspension  overshoots  which  could 
drive  portions  of  the  rotor  into  saturation.  Depending  oo  the  geometry  involved,  either 
bias  or  scale  factor  shifts  could  result. 

Good  design  practices  to  mloiniae  the  possibility  of  overshoots  and  torquing  loop 
instabilities  can  eliminate  a  major  portion  of  the  instability  in  k*  and  k’  .  Adequate 
control  of  temperature  and  excitation  voltage  can  maintain  the  other  effects  to  within 
acceptable  limits. 

3.4  Posit  lea  Bsamry 

Position  memory  is  an  acceleration-sensitive  bias  exhibited  by  the  PIPA,  the  cause  of 
which  is  still  under  investigation.  Position  rnsaory  causes  a  bias  change  of  t  0.1  cm/sec* 
for  a  change  in  input  to  the  accelerometer  from  0  to  i  ig.  The  chMge  in  position  memory 
bias  as  a  function  of  input  is  predictable  and  thus  may  be  compensated  for  if  the  expected 
acceleration  profile  is  known. 


444 


S. 3  A.C.  Hysteresis 

The  term  “s. c.  hysteresis”  is  applied  to  bias  variations  caused  by  suspension  fluxes 
coupling  through  fringe  portions  of  the  rotor  when  the  float  is  allowed  to  rotate  to  an 
angular  stop.  This  effect  can  be  controlled  by  adequate  specification  of  the  nagnetic 
properties  of  the  rotor  material. 

3.6  Pendulosity  Changes 

The  hollow  berylllua  float  will  exhibit  changes  in  pendulosity  if  daaping  fluid  is 
allowed  to  seep  into  any  portion  of  the  float.  Proper  design  will  virtually  elininate 
any  possibility  of  such  an  occurrence.  If  such  a  condition  were  to  occur,  an  input  axis 
shift  would  be  the  first  effect  noted,  since  the  sensing  direction  for  input  acceleration 
would  change  relative  to  the  float  body.  Except  in  extreme  cases,  effects  on  scale  factor 
and  bias  would  be  negligible. 

5.7  Changes  in  Air  Gap 

Changes  in  g*  and  g"  will  result  if  the  nagnetic  suspension  allows  notion  of  the 
float  within  the  case  of  the  instrument.  For  the  most  part,  the  suspension  parameters 
are  quite  stable  and  negligible  motion  of  the  float  will  occur.  (Under  conditions  of  high 
input  acceleration  along  the  output  axis  of  the  instrument,  the  suspension  will  be  re¬ 
quired  to  counteract  the  torque  produced  by  the  output  axis  acceleration  acting  on  the 
pendulosity  of  the  instrument,  resulting  in  some  float  motion.)  If  a  malfunction  should 
occur,  large  bias  shifts  will  normally  result,  since  the  differential  term  in  Equation 
(38)  is  very  sensitive  to  changes  in  g  .  There  will  also  be  some  change  in  scale  factor, 
but  it  will  be  limited,  since  scale  factor  is  primarily  a  function  of  g^  . 

3.8  Fluid  Impurities 

Contaminants  or  gas  bubbles  within  the  damping  fluid  can  become  positioned  between  the 
float  and  the  case  of  the  PIPA  and  exert  error  torques  on  the  float.  Proper  filling 
techniques  will  minimize  the  possibility  of  foreign  particles  in  the  fluid  at  the  time  of 
build.  Gas  babbles  can  result  from  air  leaking  Into  the  instrument  from  outside  or  from 
helium  gas  leaking  into  the  fluid  from  the  hollow  float  or  from  the  bellows. 

A  cemented  metal  band  Is  used  to  seal  the  Joint  between  the  two  end  housings  of  the 
PIP  and  this  Joint,  as  sell  as  the  float  and  bellows  seals,  are  carefully  checked  before 
filling  of  the  unit  with  damping  fluid.  Pilling  of  the  instrument  is  accomplished  through 
small  fill  holes  at  either  end  of  the  case.  After  fill,  these  holes  are  sealed  using 
metallic  compression  seals. 

By  use  of  the  above  technique,  the  possibility  of  air  leaking  into  the  instrument  is 
virtually  eliminated.  Slow  leaking  from  the  float  can  easily  be  kept  to  acceptable  levels 
with  presently  known  cementing  and  fabrication  techniques. 

The  bellows  remain  one  of  the  most  critical  elements  in  the  design.  Rigid  screening 
tests  on  the  bellows,  and  careful  Inspection  by  X-ray  techniques  after  completion  of 
build,  will  reduce  bellows  failures  to  a  minimum. 


«.  PCRPSMANCK  CAPABILITIES  AN*  POSSIBLE  IMPROVEMENTS 
S.I  Performance 

The  discussion  in  Section  3  dealing  with  the  PIPA  instabilities  indicates  that,  to  a 
treat  extent,  the  performance  capability  of  the  instrument  is  dependent  upon  bow  null  its 
environment  is  controlled.  With  the  except ion  of  position  memory  and  a.c.  hysteresis,  the 
magnetic  Instabilities  can  be  kept  small  by  good  oontrol  of  temperature,  torquing  currest 
sad  3200-Hz  excitation  voltage. 
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Scale  factor  change  due  to  temperature  variation  is  one  of  the  major  limitations  of 
the  present  lnstruaent.  The  CM  PIPA  exhibits  approximately  360  ppa  change  in  scale 
factor  per  °C.  The  U(  PIPA  exhibits  approximately  630  ppa  change  per  °C. 

The  performance  table  shorn  in  Plgure  19  assumes  a  temperature  stability  of  i  0.14°C 
and  no  magnetic  shifts  due  to  abuoraal  current  and  voltage  levels.  The  bias  stabilities 
quoted  are  primarily  a  function  of  position  neaory  and  a. c.  hysteresis. 

6.2  Possible  Improvements 

Use  of  a  potting  ccmpour.d  for  the  TG  slcrosyn,  which  mould  decrease  shrinkage  stresses 
by  a  factor  of  too,  mould  reduce  scale  factor  sensitivity  to  temperature  by  at  least  an 
order  of  magnitude.  Use  )t  a  three-piece  rotor  to  separate  the  suspension  and  TG  fluxes 
mould  eliminate  the  coupling  between  the  suspension  and  TG  circuits.  The  three-piece 
rotor,  coupled  eltb  optimum  rotor  design,  mould  also  reduce  the  effects  of  a.e.  hysteresis. 

With  the  incorporation  of  improvements  in  the  above  areae,  the  PIPA  performance  could 
be  substantially  Improved  over  present  Apollo  requirements,  and  the  instrument  could  be 
made  suitable  for  longer  end  nor#  demanding  nlasions. 
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APPENDIX 


Starting  with  Equation  (31)  in  the  text. 


Vj(s)  =  GVs(s)P(s)  . 


(Al) 


V8is)  is  first  obtained  by  transforming  Equation  (29).  The  result  is  multiplied  by  P(s) 
as  defined  in  Equation  (30)  with  the  result 
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Taking  the  inverse  transform  of  Equation  (A2). 
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Pig. 2  Apollo  Pulsed  Integrating  Pendulum 
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MAGNETIC  SUSPENSION 
STATOR 


Fig. 6  Locus  of  maxima  and  minima  of  f(Q)  ,  shown  to  enlarged  scale  for 


TYPICAL  PRIMARY  FLUX  PATHS 

I 


Fig. 7  Apollo  PIP  signal  generator  cross-section 


Fig. 8(a)  Apollo  PIP  SG  secondary  circuit 
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Plg.B(b)  Apollo  PIP  80  signal  phase  relationships 
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Pig. II  Apollo  PIPA  d.c.  current  loop 
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Pig. 13  Graph  of  teras  in  Equation  (34),  showing 
possible  aodes  of  operation 
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Pig. 16  Av«rag«  noding  versus  torque  constant,  Apollo  PIPA 
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Pi*.  18  Computer  simulation  results,  lit  PIPA  frequency  response  '*o  unbalanced 
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L' ACCELEROMETRE  ONERA  A  GRANDE  SENSIBIL1TE 

Michel  Delattre 


L’ acc^ldrom^tre  ONERA  it  grande  sensibility  (seuil  de  nesure  10"8m/s2)  a  fait  l’objet  de 
plusieurs  publications1'4. 

Ryf^rences  1  et  2  traitent  plus  particuliyrement  de  la  thdorie  de  cet  acceiyron>ytre. 
R^f^rence  4  cite  les  differentes  recherches  actuellement  en  cours  sur  des  accyiyran£tres 
tres  sensibles  et  analyse  les  problemes  soulevds  par  le  ddveloppeoient  de  r  accyidrooytre 
ONERA. 

La  presente  publication  a  pour  objet  de  decrire  l’etat  actuel  de  ce  ddveloppeaent. 


1.  RAPPEL  DU  PRINCIPE 


Considdrons  une  enceinte  C  disposant  d‘ un  degrd  de  liberty  suivant  1*  axe  XX'  (voir 
Figure  1).  A  1’  interieur  de  cette  enceinte,  sur  1’ axe  XX'  plaqons  une  masse  m  soumise 
k  une  force  de  rappel  e'lastique  -Kx  (voir  Figure  1)  dds  que’ elle  s’ dloigne  de  sa  position 
d'  dquilibre  0'  au  centre  du  cadre.  Supposons  qu’ il  existe  une  force  d’ amort issement  de 
m  propon-ionnelle  &  sa  vitesse  de  de'placement  par  rapport  k  0'  ,  -f(dx/dt)  . 


Supposons  que  pour  t  =  0  le  point  0 '  se  trouve  en  0  et  que  le  cadre  subisse  une 
accdiyration  Px  (x  est  toujours  de  signe  contraire  k  Fx). 

A  1’ instant  t  ,  si  1’ on  considdre  1’  dquilibre  des  forces  appliqudes  sur  m  ,  on  peut 
dcrire 

d2(X  -  x)  dx 

m  - ; - Kx  -  f  —  =  0 

dt2  dt 

„  d2X  dJx  f  dx  K 

r.  =  — r  =  — T  + - +  -  x  . 

1  dt2  dt2  m  dt  nt 

Pour  une  accdiyration  constante  rx  ,  aprds  dvanouissement  du  phynomdne  transitoire, 

on  a 


rx  =  -x 
m 


(1) 


x  est  une  mesure  de  fx  • 

Avec  un  systems  disposant  de  trois  degrys  de  liberty  suivant  les  trois  axes  d’un  triddre 
tri-rectangle  il  est  possible  de  connaftre  k  la  fois  1’ amplitude  et  la  direction  d’ une 
accyiyration  par  trois  raesures  de  dyplacement. 


2.  DESCRIPTION  SONMAIRE 

La  masse  d’ dpreuve  est  une  sphere  de  byryllium  de  40  ran  de  diamHre  (poids  60  gr) 
contenue  k  1’  intyrieur  d’une  cage  ygalement  sphdrique. 
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La  position  de  la  bille  par  rapport  a  la  cage  est  dEtectEe  suivant  trois  axes  tri¬ 
rectangles  passant  par  le  centre  de  la  cage. 

Les  dEtecteurs  de  position  de  la  sphere  sont  du  type  a  capacitance  variable  (voir 
Figure  2).  Ils  sont  constitues  par  des  Electrodes  dites  "Electrodes  de  dEtection”  en 
forme  de  calottes  sphEriques  (voir  Figure  3). 

Les  forces  de  rappel,  de  nature  e'lectrostatique,  sont  imposEes  par  1’  intermEdiaire 
d’ Electrodes  dites  “Electrodes  d’ action”  de  forme  annulaire  sphErique. 

Le  principe  de  la  chalne  Electronique  est  montrE  sur  la  Figure  4.  Les  capacites  "bille- 
Electrode  de  detection”  sont  connectEes  a  un  pont  capacitif  alimentE  par  une  tension  de 
frEquence  500  kHz. 

Les  mouvements  de  la  sphere  font  apparaltre  un  signal  de  dEsEquilibre  du  pont. 

AprEs  amplification,  ce  signal  v  s’  ajoute  ou  se  retranche  de  la  tension  de  polarisation 
VQ  appliquee  en  permanence  sur  les  electrodes  d’  action.  Une  Electrode  d’ action  prEsente 
le  potentiel  V0  +  v  alors  que  1’  Electrode  opposEe  prEsente  le  potentiel  VQ  -  v  . 

La  force  de  rappel  Etant  proportionnelle  a  la  diffErence  (VQ  +  v) 2  -  (VQ  -  v) 2  est 
linEaire  en  v  . 

Si  1’ on  considere  un  petit  dEplacement  x  de  la  bille  autour  de  sa  position  d’ Equilibre 
on  peut  line'ariser  et  admettre  que  la  re'sultante  des  forces  qui  s’ exercent  sur  cette  bille 
est  de  la  forme 

F  =  ax  -  bv  , 


a  et  b  Etant  positifs. 

Si  le  dEtecteur  est  linEaire,  pour  un  dEplacement  x  il  fournit  une  tension  de 
dEsEquilibre 

kx  . 

Si  T  on  appelle  G  le  gain  de  la  chaine  Electronique,  on  peut  Ecrire 

v  =  kGx  , 


d’  ou 


F  =  (a  -  bkG)x  . 


II  en  rEsulte  qu’  en  rEgime  permanent  1’  accElEration 

bkG  -  a 

- x  . 

m 


est  mesurEe  par 


(2) 


(3) 


Si  1’  on  s’  arrange  pour  que 
mesure  de  1* accElEromEtre,  il 
montrE  sur  la  Figure  4. 


a  soit  nEgligeable  devant 
suffit  d'  agir  sur  le  facteur 


bkG  ,  pour  changer  1* Etendue  de 
G  .  C’ est  le  principe  que  est 


3.  ETAT  ACTUEL  DE  L‘ ETUDE  SUR  L'  ACCELEROMETRE  ONERA 

La  relation  (1)  montre  que,  pour  une  pulsation  propre  donnEe,  l’appareil  est  d’autant 
plus  sensible  que  l’on  peut  mesurer  un  dEplacement  x  plus  petit.  Un  calcul  ElEmentaire 
montre  qu’ avec  un  temps  Je  rEponse  de  1,5  seconde  environ,  en  se  plaqant  dans  les  con¬ 
ditions  de  r  aaortissement  critique,  un  seuil  de  mesure  en  accElEration  de  10'sm/sJ 
correspond  4  un  seuil  de  dEtection  en  dEplacement  de  bille  de  10' 3  micron.  L’obtention 
d’ un  tel  seuil  suppose  qu’ 11  a  EtE  possible  de  surmonter  les  difficultEs  qui  apparalssent 
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-  dans  la  realisation  et  le  montage  mecanique 

-  dans  la  conception  et  la  mise  au  point  des  chalnes  eiectroniques 

-  dans  les  essais. 

3. 1  Partie  Mecanique 

La  necessite'  de  mesurer  les  trois  composantes  du  vecteur  acceleration  et  le  seuil  de 
sensibilite  recherche  conduisent  a  imposer  des  tolerances  d‘ usinage  et  de  montage 
extrlmement  petites. 

Par  suite  du  principe  capacitif  utilise  c’est  la  v&leur  moyenne  des  defauts  de  surface 
qui  intervient  dans  le  fonctionnement.  Cette  valeur  moyenne  est  tres  inferieure  a  la 
valeur  des  defauts  localises.  D’ autre  part,  le  deplacement  de  la  bille  est  petit  devant 
la  distance  interelectrodes  et  M.  Gay  a  montre3,  3  que,  dans  ces  conditions,  le  gain  de  la 
chaine  est  une  facteur  de  minimisation  des  influences  des  defauts  mecaniques. 

Le  rapport  entre  1’ amplitude  des  defauts  mecaniques  acceptables  et  le  seuil  de  detection 
en  deplacement  est  lie  au  gain  de  la  chatne. 

Un  rapport  de  103  semble  pouvoir  Itre  accepte  sans  que  les  performances  visees  soient 
remises  en  cause. 

Cependant  1’  etalonnage  de  chacune  des  composantes  peut  se  trouver  faussd  par  une  rotation 
de  bille  si  celle-ci  n’ est  pas  une  sphere  parfaite.  L’ erreur  qui  en  resulterait  serait 
d’  autant  plus  faible  que  le  defaut  de  sphericite  de  la  bille  serait  plus  faible.  II  y  a 
done  interlt  a  utiliser  le  procede  d’ usinage  susceptible  de  produire  les  billes  pr^sentant 
le  defaut  de  sphe'ricitd  minimum.  Jusqu’  a  raaintenant,  les  meilleurs  rdsultats  ont  6t,6 
obtenus  par  un  procede  de  rodage  derive  de  celui  qui  est  utilise  pour  fabriquer  des  lentilles 
ou  des  miroirs  optiques.  Les  cages  sont  obtenues  par  le  mime  procede  de  rodage.  Dans  ces 
conditions  les  defauts  de  sphericite  observes  sont  de  l’ordre  de  10"  1  micron. 

La  precision  d’  usinage  et  de  montage  est  obtenue  par  1’  emploi  de  procedes  de  contrfile 
presentant  une  sensibilite  equivalents  a  celle  qui  est  recherchee  pour  1’ acceidromltre. 

Ces  procedes  sont  fondes  sur  1’ utilisation  de  montages  radcaniques  speciaux  associes  a 
des  mesures  capacitives. 

Pour  eviter  les  erreurs  qui  pourraient  resulter  d’  une  variation  de  temperature  au  cours 
du  montage  ou  du  contrfile  dimensionnel,  ces  operations  sont  effectuees  dans  une  salle  k 
temperature  constante. 

Dans  ces  conditions,  il  est  possible  d’  obtenir  une  precision  globale  de  1  micron. 

Les  caracteristiques  dimensionnelles  sont  indiqudes  en  microns  sur  la  Figure  5  oil  un 
seul  axe  de  sensibilite  est  represente. 

Plus  la  distance  entre  la  bille  et  les  electrodes  de  detection  est  petite,  plus  la 
sensibilite  de  detection  des  deplacements  de  la  bille  est  grande.  Au  point  de  vue  de  la 
sensibilite  il  y  a  done  interlt  A  choisir  une  distance  bille-eiectrode  de  detection  aussi 
petite  que  possible.  Mais  plus  cette  distance  est  petite,  plus  le  fonctionnement  du 
dispositif  est  influence  par  les  defauts  mecaniques  d’  usinage  ou  de  montage.  Il  y  a  done 
lieu  de  choisir  un  compromis  et  1’ experience  a  montre  qu'une  distance  de  30  microns 
environ  representait  une  valeur  acceptable. 

Si  1’  acceieromltre  a  un  seuil  de  detection  en  deplacement  de  10'3  micron  et  s' il  a  un 
domaine  de  fonctionnement  egal  A  103  fois  le  seuil  de  detection,  le  deplacement  de  la 
bille  est  compris  entre  10" 3  micron  et  1  micron.  Il  serait  done  souhaitable  de  limiter 
la  course  libre  de  la  bille  4  une  valeur  leglrement  supdrieure  k  1  micron. 


464 


En  effet,  plus  la  course  libre  est  grande  plus  il  faut  de  temps  pour  amener  la  bille  de 
sa  position  de  butEe  a  sa  position  de  mesure  et  par  consequent  plus  il  faut  de  temps  pour 
mettre  1’  acce'lErometre  en  condition  de  mesure. 

La  course  libre  de  la  bille  est  done  rEduite  par  un  jeu  de  butEes. 

En  pratique  il  n’  est  pas  possible  de  rEduire  cette  course  k  une  valeur  voisine  de 
1  micron  en  raison  des  tolerances  d’  usinage  et  sa  valeur  est  rEglEe  a  20  microns  environ. 

La  position  des  electrodes  d’  action  est  deterrainee  par  la  precision  recherchee  pour 
1’  accEle'rometre. 

En  effet,  supposons  que  1’  acceleration  a  raesurer  soit  nulle  et  consiaerons  un  des  axes 
de  sensibilite  XX'  par  exemple  (voir  Figure  6). 

Soient  D1D?  les  positions  des  electrodes  de  detection  et  A;  ,  A?  les  positions  des 
electrodes  d’  action. 

Soit  0D  ia  position  du  centre  de  la  bille  qui  donne  un  signal  de  detection  nul. 
Supposons  que  la  chalne  d’  asservissement  ne  soit  pas  fermee  mais  que  les  tensions  de 
polarisation  V0  soient  appliquEes  sur  les  electrodes  d’ action  AjA?  .  L’Equilibre  des 
forces  d’ attraction  exercEes  sur  la  bille  par  les  electrodes  et  A?  se  preduit 

lorsque  le  centre  de  la  bille  est  en  0A  .  Les  imperfections  de  1’ usinage  et  du  montage 
font  que  0A  ne  coincide  pas  avec  0D  .  Supposons  que  1’ ecart  xx  entre  0A  et  0D 
soit  celui  de  la  Figure  6;  dims  ces  conditions,  en  absence  d’  acceleration,  avec  la  chafne 
d’ asservissement  fermee,  le  centre  de  la  bille  occupe  une  position  d’equilibre  0y  telle 
qu’  il  existe  un  Ecart  x?  entre  0y  et  0D  .  Soit  d  la  distance  entre  les  electrodes 
d’ action  et  la  bille  lorsque  le  centre  de  celle-ci  est  en  0A  .  L’  Ecart  est  tel  que  la 
tension  VQ  +  v  appliquEe  en  A2  A  la  distance  d  +  x;  +  x?  produit  sur  la  bille  la 
m@rae  attraction  que  la  tension  V0  -  v  pppliquEe  en  Aj  A  la  distance  d  -  xt  -  x2  . 

Puisqu’ en  0y  la  force  re'sultante  appliquEe  sur  la  bille  est  nulle,  on  tire  de  (2) 

a(x j  +  x?)  =  bGkXj  . 

Si  a  est  negligeable  devant  bGk, 


a  et  b  sont  des  coefficients  fonction 
celles-ci  a  des  Electrodes  planes  il  est 

a 

b 

d*  oil 


Pour  1* accElEration  la  plus  grande  A  raesurer,  la  tension  v  appliquEe  sur  les  Electrodes 
doit  Etre  au  plus  Egale  A  VQ  .  si  r  on  admet  cette  valeur  limite  et  si  l’on  appelle  xM 
le  dEplacement  de  la  bille  correspondant  on  peut  Ecrlre 

Gkx„  =  V0 


-  _i 
bGk  ' 

de  la  gEomEtrie  des  Electrodes.  En  assimilant 
facile  de  montrer  que 

_  Xo 

d  ' 

-  Vi 
dGk 


et 
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Si  1’ on  adraet  un  seuil  de  detection  de  10*3  micron  et  une  dtendue  de  mesure  dgale  a 


10  fois  le  seuil  on  a 


xM  =  1  micron  . 


Si  1' on  veut  e'viter  les  termes  compensateurs  il  faut  que  x2  soit  situd  dans  le  seuil, 


done  il  faut 


3.2  Partie  Electronique 


d  -  10 3  microns  . 


Les  performances  rendues  possibles  par  la  realisation  mdcanique  ne  doivent  pas  6tre 
ddtdriordes  par  les  chalnes  dlectroniques  de  detection  ou  d’  action. 


3.2.1  Chatne  Electronique  de  Detection 

Avec  la  gdometrie  adoptde  pour  1’  acceierometre,  la  capacitd  entre  la  bille  et  chaque 
electrode  de  detection  est  voi  ine  de  10  pf.  Pour  ne  pas  perdre  en  performance  il  faut 
que  la  chalne  electronique  ddtecte  des  variations  relatives  de  cette  capacitd  d’ un  ordre 
de  grandeur  dgal  a  10' 5,  soit  en  valeur  absolue  des  variations  de  10" 4  pf.  Dans  ces 
conditions,  toutes  les  precautions  doivent  §tre  prises  pour  dviter  les  variations  parasites 
de  capacitd.  Cela  conduit  k  utiliser  des  connexions  trds  courtes  et  rigides  entre  les 
dlectrodes  et  les  circuits  d’  entrde.  to  consequence,  la  chalne  electronique  de  detection 
est  montde  dans  un  boitier  relativement  massif  fixd  sur  la  partie  mecanique  de  l’accdldrometre 
(voir  Figure  7). 


Aprds  prdamplifieation  la  tension  de  ddsdquilibre  du  pont  fait  l’objet  d’ une  detection 
synchrone.  L’  ensemble  du  schema  de  principe  de  la  chalne  dlectronique  de  detection  est 
montrd  sur  la  Figure  8.  Cette  chalne  comporte  un  certain  nombre  de  circuits  intdgrds  qui 
entralnent  une  diminution  notable  du  volume.  Il  faudrait  en  effet  250  transistors  si  les 
chalnes  de  detection  dtaient  constitue's  d‘ dldments  sdpards. 


On  peut  voir  sur  1'  enregistrement  reprdsentd  sur  la  Figure  9  que  la  stabilitd  de  ces 
chalnes  est  tres  bonne  et  ne  limite  aucunement  les  performances  de  r  acceierometre. 


.?.?.?  Chaine  d‘Action 

En  raison  de  la  distance  de  103  microns  qui  separe  la  bille  des  electrodes  d’ action  les 
tensions  appliquees  sur  ces  electrodes  sont  assez  eievees.  La  tension  de  polarisation  est 
fixee  a  80C  V.  En  limite  superieure  d’  etendue  de  mesure  la  tension  V0  +  v  atteint  1500  V. 

Dans  ces  conditions  toute  poussiere  existant  en  surface  peut  £tre  1' amorce  d' une  decharge 
disruptive  entre  electrodes  et  bille,  c' est  pourquoi  il  est  tmperatif  d’ effectuer  le  montage 
de  1' acceierometre  dans  une  tr^s  bonne  salle  depoussieree. 

Par  ailleurs,  il  faut  eviter  que  la  bille  prenne  une  charge  eiectrostatJque  qui  produirait 
des  efforts  d’ attraction  parasites.  Pour  cela.  les  electrodes  d’ action  sont  doubles  et 
alimentees  comme  il  est  montre  sur  la  Figure  10  pour  un  axe  de  sensibillte.  Cette  dis¬ 
position  donne  un  potentiel  resultant  nul  alors  que  les  efforts  produits  par  chaque  paire 
d’ electrodes  s’ajoutent. 

L*  amplification  est  effectuee  sur  une  frequence  porteuse  de  40  kHz.  Un  transformateur 
de  sortie  accorde  alimente  le  montage  redresseur  qui  fournit  les  tensions  appliquees  sur 
les  electrodes.  La  stabilite  du  gain  est  obtenue  par  cont re- react  ion.  Le  schema  do 
principe  fonctionnel  d' une  chatne  electronique  d*  action  est  represente  sur  la  Figure  11. 
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3.2.3  Dispositif  de  Changement  Autonatique  des  Etendues  de  Mesure 

Le  changement  d'  dtendue  de  mesure  de  r  accyidromdtre  s’  effectue  par  changement  du  gain 
de  la  chalne  d’  asservissement  dlectronique.  Trois  Etendues  de  mesure  prdsentant  un 
recouvrement  ont  dtd  prdvues: 

-  (ganme  1)  10" 5  m/s 2  &  10" 2  m/s2 

-  (gamme  2)  3. 10" 7  m/s2  k  3. 10'4  m/s2 

-  (gamme  3)  10" 8  m/s2  &  10" 5  m/s2. 

Pour  certaines  applications  spatiales  il  peut  dtre  trds  difficile  de  prdvoir  et  de  mettre 
en  oeuvre  un  programme  de  commutation  des  gammes  de  sensibilltd;  aussi  il  a  dtd  ddcidd  de 
doter  1’  accdldromdtre  d’ un  dispositif  de  commutation  automatique. 

Le  principe  d’ un  tel  dispositif  est  simple:  il  suffit  de  ddfinir  une  limite  infdrieure 
et  une  limite  supdrieure  de  defection.  Chaque  fois  que  la  grandeur  ddtectde  est  extdrieure 
4  ces  limites  le  dispositif  commande  un  changement  d’ dtendue  de  mesure  dans  le  sens 
convenable.  En  raison  des  couplages  existant  entre  les  trois  axes  de  sensibility  il  faut 
que  les  dtendues  de  mesure  soient  les  mdmes  sur  X ,  Y  et  Z  .  Il  est  done  ndeessaire 
d’effectuer  les  commandes  de  changement  d' dtendue  de  mesure  avec  des  circuits  logiques: 
circuits  “et”  pour  augmenter  la  sensibility,  circuits  “ou”  pour  la  diminuer.  Le  schyma 
fonctionnel  de  1’ ensemble  du  dispositif  est  reprdsentd  sur  la  Figure  12.  Ce  dispositif 
est  actuellement  parfaitement  au  point.  La  Figure  13  montre  un  exemple  d’ enregistrement 
obtenu  lors  de  deux  changements  de  gamme  consdcutifs.  La  trace  supdrieure  montre  le  mou- 
vement  ryel  de  la  bille  partant  d’ une  position  de  butye  pour  venir  au  centre  de  1* ytendue 
de  mesure.  La  trace  infyrieure  montre,  par  1'  emplacement  de  tops  sur  le  signal  de  mesure, 
les  deux  changements  de  gamme. 

3.3  Essais  de  Laboratolre 

Ainsi  qu’il  a  dtd  expliqud  prdeddemment4,  le  couplage  entre  les  axes  de  sensibility 
X,  Y.  Z  ne  permet  pas  d' effectuer  les  essais  de  1* accdldromdtre  dans  leB  conditions 
d' environnement  de  la  pesanteur. 

La  technique  d' essais  en  chute  libre  dans  le  tube  d'  impesanteur  de  r  ONERA5  est  malntenant 
parfaitement  opyratlonnelle. 

Grice  i  cette  technique  il  a  dt 4  possible  d' effectuer  de  nombreux  essais  et  de  proedder 
A  une  mise  au  point  progressive  de  1* accdldromdtre.  La  Figure  14  donne  un  exemple  des 
courbea  de  ddcdldratlon  obtenues  sur  les  trois  axes  de  sensibility  lors  d'une  chute  libre 
dans  le  tube. 

Lea  courb*:.  permettent  d’  analyser  le  fonctionnement  de  1*  accdldromdtre  et  dventuel lament 
d*  :.lvuter  un  dtalonnage. 

Ce  calcul  s' effectue  en  comparant  la  ddcdldratlon  mesurde  par  r  accdldromdtre  i  celle 
qul  eat  ddte.*minde  en  partant  de  la  caractdristique  de  la  Vitesse  de  la  capsule  mesurde  en 
fraction  du  temps  par  un  proeddd  d*  interfdromdtrie  Laser*. 

Cette  mdthode  d’ dtalonnage  ne  donne  pas  ontidre  satisfaction  pour  deux  raisons: 

-  la  prdcision  finale  n'  est  pas  suffisante 

-  la  capsule  d‘  essais  en  chute  libre  n'est  pas  dqulpde  pour  permettre  d’  effectuer 
simultandment  un  essal  d’  accdldromdtre  et  une  mesure  de  vltesse. 

Aussi  la  plupart  des  dtalranages  effectuds  Jusqu’d  naintenant  l’ont  dtd  en  proeddant 
de  la  manidre  suivante: 
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-  un  effort  de  retenue  est  exercd  sur  la  capsule  en  cours  de  chute  par  un  fil  dlastique 
en  caoutchouc, 

-  cet  effort  F  est  mesurd  par  un  dynamomdtre  pidzodlectrique  et  la  mesure  est 
enregistrde  en  fonction  du  temps.  Connalssant  la  masse  totale  M  de  la  capsule  on 
peut  determiner  en  fonction  du  temps  la  deceleration  F  =  F/M  subie  par  la  capsule 
du  fait  de  la  traction  exercde  par  le  fil.  Le  fil  est  choisi  pour  que  T  soit  situe 
a  1’  intdrieur  de  1'  etendue  de  mesure  de  1’  accdldromdtre  correspondant  k  la  sensibilite 
la  moins  grande, 

-  la  pression  k  1'  intdrieur  du  tube  d’  impesanteur  est  rdduite  k  sa  valeur  minimum  afin 
que  le  freinage  de  la  capsule  par  1'  air  rdsiduel  soit  ndgligeable  devant  le  freinage 
impose  par  le  fil. 

A  l’avenir  il  est  envisage  d’effectuer  les  dtalonnages  physiques  d’  une  manidre  plus 
directe.  Le  principe  retenu  est  fondd  sur  la  mise  en  rotation  k  1’  intdrieur  de  la  capsule 
d’essai  en  chute  liure,  d' une  masse  dont  les  caractdristiques  mdcaniques  sont  connues  avec 
prdcition  et  dont  le  mouvement  est  enregistrd. 

Lorsque  ce  nouveau  pvocddd  d’ dtalonnage  sera  au  point,  il  restera  a  qualifier  1’  accdldro- 
mdtre  pour  un  emploi  spatial.  Nous  pensons  que  cette  qualification  ne  peut  6tre  ddcidde 
qu’  k  la  suite  d’un  essai  en  vol.  Un  tel  essai  a  dtd  ddfini  et  sa  preparation  est  commencde. 


4.  DEFINITION  DE  L’ ESSAI  DE  QUALIFICATION  EN  VOL 

Cet  essai.  dont  les  modalitds  sont  actuellement  en  cours  de  discussion  avec  le  CNES 
(Centre  National  d’ Etudes  Spatiales),  prdvoit  le  lancement  d' une  capsule  spherique  contenant 
1’ accdldrorndtre,  par  fusde  sonde,  sur  une  trajectoire  culminant  k  200  km  d’ altitude  environ. 

La  forme  sphdrique  de  la  capsule  permettra  de  corrdler  les  indications  de  1’  accdldro- 
mdtre  avec  la  valeur  de  la  densitd  atmosphdrique.  Pour  que  l’expdrience  soit  facile  k 
ddpouiller  il  faut  que  les  ddcdldrations  dues  au  mouvement  de  la  capsule  soient  infdrieures 
au  seuil  de  mesure.  Un  calcul  montre  que  cela  est  possible  en  prenant  les  precautions 
sulvantes: 

-  montage  de  1'  accdldromdtre  au  centre  de  gravity  de  la  capsule  avec  une  precision 
dgale  k  t  10* 1  mm. 

-  reduction  du  module  de  la  vitesse  angulaire  de  la  capsule  4  10" 2  rad/s  par  emploi  de 
deux  gjroscopes  agissant  par  effet  mdcanique  direct. 

Dans  ces  conditions,  une  trajectoire  thdorique,  comme  celle  qui  est  reprdsentde  sur  la 
Figure  15,  permet  de  calculer  k  partir  de  la  constitution  de  1' atmosphere  standard,  la 
deceleration  qui  aerait  imposee  k  une  capsule  de  dimensions  et  de  masse  donnees.  Les 
resultats  d’un  tel  calcul  sont  representes  en  fonction  du  temps  sur  la  Figure  16. 

Les  trois  etendues  de  mesuro  permettront  de  benef icier  d'  une  duree  de  mesure 
satisfalsante. 

Au  cours  de  1' essai  en  vol  les  changements  de  gamme  seront  mis  k  profit  pour  envoyer  la 
bille  sur  les  buttes  afin  d’ arrSter  son  dventuel  mouvement  de  rotation  par  rapport  k  la 
cage  et  pour  effectuer  un  dtalonnage  dlectrique  par  introduction  dans  la  cha!ne  de  mesure 
d'un  signal  d’ amplitude  donnde.  La  Figure  17  montre  1’ enregistrement  obtenu  lors  d’ une 
simulation  de  ces  diffdrentea  operations. 
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THE  VIBRATING  STRING  ACCELEROMETER 

Robert  0. Bock 


To  a  physicist,  the  simple  word  "string”  means  a  piece  of  material  of  appreciable  length 
but  small  cross-section;  it  possesses  tensile  strength  properties,  but  negligible  shear  or 
stiffhess  characteristics.  A  fine  watch  chain  might  be  a  good  example. 

Such  a  physical  string,  clamped  rigidly  at  the  ends  of  segment  length  L  and  subjected 
to  tension  T,  will  exhibit  a  natural  frequency  of  transverse  vibration,  i.e.  displacement 
in  the  plane  normal  to  the  string  length,  given  by  Rayleigh  and  others  by  the  expression 

2L  V\«/L / 

where  m  is  the  mass  of  the  string.  The  expression  is  readily  derived  from  a  simple 
differential  equation  used  as  a  standard  exercise  for  the  beginning  student  in  Theoretical 
Mechanics.  (Harmonic  modes  of  vibration  are  also  possible  but  arc  of  only  passing  interest 
at  this  time.) 

Accelerometers  may  be  thought  of  as  devices  which  transduce  the  quantity  Force  resulting 
from  Newton' s  Second  Law  of  Motion. 


into  some  convenient  analog.,  usually  electrical.  It  is  thus  apparent  that  the  vibrating 
string  not  only  has  potential  as  the  desired  conversion  device  but  produces  a  resulting 
analog,  i.e.,  frequency,  which  is  the  most  accurately  measurable  of  all  physical  ipiantities. 

Me  proceed  to  examine  practical  configurations  and  Inherent  qualities  of  such  Vibrating 
String  Accelerometers. 

Consider  first  a  simple  mass  hanging  on  a  wire,  which  wire  will  be  caused  to  vibrate  in 
the  transverse  mode  previously  described.  Assume  •  fine  cross-support  system  and  preload 
tensioning  device  for  convenience;  Figure  1  illustrates  such  a  system.  The  string  will  be 
maintained  in  a  state  of  low-amplitude  continuous  vibration  by  having  it  in  a  strong 
permanent  magnet  field  and  bp  passing  a  small,  limited  electric  current  through  it  by  means 
of  a  connected  feed-back  amplifier.  The  amplifier  functions  much  as  a  regenerative  radio 
receiver  feeding  back  ln-phasv  power  to  its  input  antenna.  (More  detailed  amplifier 
requirements  will  be  eumlned  later. ) 


Prom  equation  (1)  it  can  be  seen  that  the  string  frequency  in  the  absence  of  any  accelera¬ 
tions  (or  gravitational  effects)  to  the  system  is  given  by 


vhere  T0  =  "preload  tension**. 


(J) 


If  now  tbs  system  is  physically  accelerated  to  the  ri|bt  wo  may  write 


t 
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1  b 

Tn  +  Ma\ 

f, 

=  —  1 

1 

2L  $ 

v  “/L  / 

where  M 

=  mass 

attached  to  the  string 

a 

=  acceleration , 

or,  using  a  series  expansion, 

tl  =  C0  +  Cta  +  Cza2  +  C3a3  +  ....  (5) 

The  C' s  are  constants  containing  m  ,  L  ,  T0  ,  M  . 

The  feasibility  of  utilizing  this  device  depends  on  the  rate  of  convergence  of  this 
series,  since  non-linearity  can  be  a  handicap  for  many  uses. 


The  ratio  CJ/Ci  ,  for  example,  is  given  by 


c2  _  1  M 

and  sample  constants  for  an  instrument*  might  be  taken  as  (assume  rectangular  cross-section) 


string  length 

= 

2  cm 

string  width 

= 

0.01  cm 

string  thickness 

= 

0.002  cm 

string  density 

= 

10  pi/cm 

mass 

= 

10  gm 

tension 

= 

600  gm . 

These  values  yield  constants  approximately  as  follows: 

r  -  13,650  Hz 

•J 

Cj  =  114  Hz/g 
C,  =  0.47  Hz/g2 
Cj  =  0.004  Hz/g*. 

Convergence  of  this  series  is  obviously  not  rapid  enough  for  applications  such  as 
■Iasi la  guidance,  where  high  precision  is  required  and  acceleration  values  exceed  lg  by 
appreciable  amounts.  However,  for  very  snail  dynamic  range  requireaents,  e.g. ,  gravity 
aeasureaent.  this  non-linearity  poses  no  problem.  Instruments  of  the  type  described  have 
bean  used  very  successfully  for  gravity  measurement  on  submarines  and  on  land;  literature 
describing  several  of  these  applications  is  given  in  the  References  at  the  end  of  this 
P«Ptr. 

To  improve  linearity  of  the  output  of  the  accelerometer  described,  one  may  decrease  M  . 
Increase  T0  ,  or  apply  compensation  or  calibration  techniques.  In  general,  a  more  satis¬ 
factory  configuration  than  that  shown  is  far  more  successful. 

Lmt  us  add  to  the  instrument  described  an  Identical  ‘talrror  image**  attached  at  the  left 
end  of  the  coll  spring.  The  result  is  shown  in  Figure  2.  with  some  further  coostructioo 
details  shown  in  Figure  3.  To  develop  the  equation  for  this  accslerometei .  we  first  note 

•  These  valuer  do  not  represent  those  of  any  a-»tr’ ly  kno-  striata  t  instruments  built. 


! 
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that  an  acceleration  that  is  positive  for  the  original  string  (on  the  right)  has  a  negative 
sense  for  the  second  string  (on  the  left);  Equation  (4)  then  becoaea,  for  f2  , 


and  the  counterpart  of  Equation  (5)  becomes 

f2  =  C0j  -  C12a  +  C22a2  -  C32a3  +  -  (7) 

where  the  “2"  subscripts  refer  to  the  second  string.  If  we  now  subtract  the  two  string 
frequencies,  we  have  the  new  output  equation  for  this  two-string  accelerometer: 

*1  ~  *2  ~  +  +  +  ^2l“^22^a  +  ^31  +  ^33^*  + . 

or,  more  simply, 

f,  -  f2  =  K0  +  Kta  +  K2a2  +  K3a3  +  ....  (8) 

We  note  the  following  for  this  “difference  frequency"  equation: 

(i)  Even  order  terms  are  zero  within  our  ability  to  match  the  two  halves,  i.e. ,  to 
make  Cnl  =  C„2  . 

(ii)  The  third-order  term  cannot  be  made  equal  to  zero,  since  single  string  coefficients 
of  the  same  sign  are  added  to  obtain  the  final  coefficient. 

Production  experience  has  demonstrated  that  K2  values  are  easily  held  to  a  few  parts  per 
million,  i.e.,  a  few  micro  g  per  g2.  K0  is  of  little  consequence  so  long  as  it  remains 
fixed,  in  fact  it  is  usually  set  arbitrarily  at  a  selected  non-zero  value  for  convenience 
in  use. 

The  third-order  term  is  usually  in  the  10  to  40  micro  g  per  g3  region,  depending  on  the 
application  requirements  and  the  resulting  choice  of  parameters  for  instrument  design. 

Using  the  constants  of  the  single  string  hypothetical  instrument  previously  discussed, 
we  obtain  the  following  (approximately),  f<>r  *«irplc: 

K0  =  0  to  2  Hz  (say) 

K,  =  230  Hz/g 

*2  =  - 

K,  =  35  micro  g/g* . 

To  characterize  this  instrument,  we  make  use  of  three  terms  which  we  define  here  as 
follows: 

1.  ‘Sensitivity  is  the  smallest  input  signal  to  which  the  instrument  will  exhibit 
proper  response. 

2.  Accuracy  is  the  precision  with  which  a  calibration  can  be  usefully  repeated. 

3.  Resolution  is  given  hy  the  smallest  increment  of  acceleration  (or.  as  we  shall  see. 
velocity)  which  can  be  usefully  read  out. 

for  the  first  of  these  quantities,  the  theoretical  sensitivity  falls  in  the  region  of 
thermo -molecular  noise  level  of  the  mechanical  parts;  in  practice,  the  degree  of  sophisti¬ 
cation  of  readout  equipment  has  limited  useful  sensitivity  to  date  in  the  10*  *g  region. 

The  accuracy  achieved  for  any  instrument  depends  heavily  on  the  dynamic  range  expected 
of  it;  for  the  20  g  range,  accuracy  of  the  order  of  1  part  per  million  has  been  accomplished, 
while  for  the  0.01  to  0.1  g  dynamic  range  accuracy  has  approached  1  part  in  100  million. 
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Resolution  is  a  natter  of  readout  technique,  and  a  variety  of  electronic  'counting” 
schenes  have  been  employed.  Note  first  that  the  output  of  the  acceleroneter  is  true 
frequency  modulation  and  originates  on  two  "carrier”  frequencies,  i.e.,  f:  and  i , 

(It  is  also  worth  noting  that  several  other  unique  features  exist  for  this  instrument: 

1.  There  is  no  servo  system. 

2.  Total  power  dissipated  in  the  sensor  is  less  than  1  micro-watt  and  this  is  invariant, 
regardless  of  input  signal. 

3.  There  are  no  moving  parts  in  the  usual  sense  -  string  amplitudes  are  usually  in  the 
100  microinch  region. 

4.  Integration  to  obtain  velocity  (often  more  significant  than  acceleration)  is  accom¬ 
plished  without  error  with  no  converters,  integrators,  or  added  devices  beyond  the 
standard  micro-sized  electronic  “flip-flop”  counters. 

5.  No  difficult  conversions  between  electrical  and  mechanical  quantities  occur  at  all.) 

Three  readout  systems  in  use  will  be  described;  all  relate  significantly  to  resolution. 
Other  methods  or  varying  combinations  of  these  methods  may  also  be  feasible. 

Figure  4  shows  the  first  and  probably  simplest  readout  method.  This  method  of  counting 
individual  string  vibrations  and  digitally  subtracting  is  most  feasible  in  general  where 
the  accelerometer  is  in  a  system  utilizing  a  digital  computer,  which  supplies  the  built-in 
computation  ability.  It  requires  that  the  inherent  accelerometer  resolution  be  adequate 
for  the  application  without  addition  of  the  techniques  shown  below.  Note  that  the  output 
may  be  either  velocity  or  acceleration  if  the  sample  time  intervals  are  known. 

The  above  method  used  in  the  laboratory  has  a  pitfall  for  those  seeking  ultimate 
precision.  If  the  time  Intervals  for  sampling  the  separate  strings  are  not  Identical, 
then  each  string  sensor  finds  itself  at  a  different  phase  of  the  ever-present  seismic 
disturbances  in  the  laboratory  and  only  very  long  samples  can  hold  this  reading  error  to 
very  small  values.  The  long  times  are  apt  to  be  inconvenient. 

A  superior  laboratory  readout  system  in  widespread  use  is  shown  in  Figure  3.  In  this 
system,  a  simple  heterodyne  circuit  subtracts  the  two  string  frequencies  and  delivers  the 
difference  to  s  divider  section  in  a  commercial  electronic  counter.  Every  nlh  wave  gates 
the  counter,  which  registers  the  nimber  of  high  frequency  clock  pulse*  which  pass  for  an 
exactly  known  whole  number  of  difference  frequency  cycles.  This  period  sosau resent  yields 
1  million  counts  rssolution  in  1  second;  as  high  as  $0  million  counts  per  second  have  been 
uaed.  Counting  times  (note  that  the  divide  factor  can  be  chosen  at  sill)  can  be  varied 
from  a  fraction  of  a  second  to  hundreds  of  seconds  -  or  even  days  if  desired.  Precision 
is  llaltsd  only  by  the  practical  "cleanliness"  of  counter  circuitry  and  input  waves  and  hr 
the  perfection  of  triggering  circuits  in  the  counter.  Examples  are  known  of  1500  second 
counting  times,  giving  resolution  of  one  part  in  1500  >  10.  10*.  or  1  in  1.5. I0,e. 

An  Interesting  variation  of  this  technique  has  been  useful  in  gravity  measurement  share 
the  output  frequency  te  nearly  constant  Note  that  the  “counter"  is  actually  determining 
the  rot  to  of  teo  frequencies,  that  from  the  heterodyne  and  that  of  the  clock.  If  the 
clock  frequency  la  obtained  from  a  frequency  “synthesiser**,  which  supplies  essentially 
any  daairad  frequency  locked  to  a  precision  crystal,  then  the  cluck  say  he  set  at  the 
heterodyne  frequency  or.  ear.  10.000  times  the  heterodyne  value  (ehich  is  nearly  constant), 
and  the  total  counts  accumulated  on  the  register  will  be  unity  followed  by  all  taro*. 

Valuta  may  be  set  so  that  an  observed  change  of  i  count  represents  exactly  1  micro  g  (or 
0. 1  micro  g)  as  desired. 

•slow  la  a  tabulation  of  numbers  taken  at  random  from  a  laboratory  counter  sad  printer 
illustrating  the  us*  of  the  technique  described  stove,  t  vlbretiag  striag  instrument 
uaed  as  a  gravity  mater  supplied  the  results  Counting  tins  mas  several  hundred  seconds. 
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The  third  readout  systea  in  use  is  shown  sch eaat  1  cal ly  in  Figure  6.  The  first  portion 
of  the  figure  shoes  ho*  ths  resolution  of  the  instruaent  is  first  Increased  hr  100  tiuea 
by  electronic  frequency  Multiplication;  in  our  hypothetical  instruaent,  previously  des¬ 
cribed,  the  equivalent  scale  factor  sould  be  increased  froa  230  Hz/g  to  23,000  Hz/g.  One 
aay  choose  to  heterodyne  and  aultlply  further  if  he  wishes;  the  only  Halts  are  dynamic 
requlreaenta,  essentially,  for  the  application.  The  aultlplied  frequency,  for  exaaple, 
is  really  drived  by  extrapolation  of  the  phase  properties  of  each  carrier  wave  cycle 
through  th  ,iext  period  of  the  carrier.  Should  the  input  wave  be  so  drastically  nodulated 
during  one  cycle  (in  t/13,650  sec  in  our  string-carrier  exeaple).  then  the  phase  detection 
circuit  aay  Malfunction  In  over  a  decade  of  continuous  use  of  these  circuits,  only  one 
situation  has  been  encountered  in  which  detectable  errors  occurred  froa  such  aa  event;  a 
snail  oceanographic  ship  detected  several  aoaeutsry  "phase  lock"  errors  one  day;  the 
occurrence  was  quickly  correlated  with  depth -charge- like  explosions  being  set  off  directly 
under  the  ship  for  selaalc  sounding  experlaents. 

The  second  portion  of  Figure  6  illustrates  one  of  the  caasonly  employed  technique*  for 
frequency  aultlplylng.  A  voltage  controlled  oscillator  is  nominally  adjusted  to  put  out 
a  signal  of  frequency  n  »  f  .  where  f  is  the  “Input''  frequency.  A  feedback  loop 
divides  this  output  frequency  by  n  digitally,  i.e. .  using  “flip-flops",  with  zero  error, 
and  the  phase  detector  circuit  Batches  every  nth  save  of  the  output  to  the  input  f  . 

Error  voltage  le  used  to  keep  the  voltage  controlled  oscillator  locked  to  the  proper 
frequency  in  this  pure  electronic  servo. 

Auxiliary  features  of  soae  interest  have  been  incorporated  in  a  nuaber  of  jnatruaeet* 
for  special  applications.  On#  of  these  is  an  autoaatic  aero  adjust  circuit  employed  for 
certain  space-flight  purposes. 

The  driving  amplifier  for  the  vibrating  string  has  the  following  requirements: 

1.  Phase  shift  between  aieial  and  feedback  to  the  string  Bust  be  kept  nail. 

2.  Voltage  to  the  string  atis*  be  reasonably  constant. 

3.  Halted  harmonic  content  is  penal  tied  in  the  feedback  wave. 

4.  Considerable  bandpess  Bust  usually  be  provided  to  permit  proper  response  to  side* 
band  frequencies. 

Note  the  nret  of  these,  when  extreme  stability  of  zero  bias  Is  required  for  say.  some 
Booths  in  space,  then  the  circuit  of  Figure  T  is  used  to  automatically  provide  true  zero 
for  bias  so  long  aa  the  accelerometer  it  in  free  fall,  ftould  the  difference  frequency 
not  he  zero,  the  phase  dlff  -ranee  u  detected,  amplified,  integrated  and  used  to  phase 
shift  the  feedback  volts*?  to  one  string  until  perfect  frequency  match  is  restored.  The 
phase  shifter  Is  a  simple  electroalc  circuit.  Asa  It  la  desired  to  read  acceleration, 
the  switch  (electronic)  lending  to  the  integrator  la  eiaply  opened. 

It  would  be  u&fair  to  oalt  mention  of  one  possible  result  of  the  cubic  term  non -llaeniity. 
If  the  hypothetical  Instrument  previously  described  were  subjected  simultaneously  to 
acceleration  which  ia  steady  or  slowly  changing,  and  to  vibration  of  a  frequency  higher 
than  the  sampling  rate  of  readout,  then  rectification  errors  aay  result.  Ibis  situation 
la  readily  visualised  ia  the  sketch  of  Figure  g  (grossly  exaggerated)  if  readout  staples 
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average  over  several  vibration  cycles,  then  an  incorrect  average  is  obviously  obtained. 

The  exact  expression  for  this  (error  in  is  given  by 

3K3aJ  ,  (9) 

where  ay  is  the  root  mean  square  vibration  amplitude.  Thus,  for  our  hypothetical  instru¬ 
ment  at  1  g  steady  and  0.1  g  0  to  peak  vibration,  we  have 

eKi  =  3  x  35  x  (0. 0.  IV  micro  g/g  . 
or  0.5  micro  g/g  (or  5  parts  in  10  million!. 

While  several  correction  schemes  have  been  used,  a  particularly  interesting  one  has  been 
developed  for  the  vibrating  string  gravity  meter.  If  we  substitute  the  quantity  g  +  c  , 
where  c  is  deviation  from  a  normal  1  g  value  (say  on  a  ship),  for  a  in  the  equation  for 
the  accelerometer  output  and  write  a  new  series  expansion  about  the  1  g  point  instead  of 
the  Og  point  (as  in  Equation  (8)),  we  achieve  an  equation  whose  non-linearities  are  in 
terms  solely  of  c  ,  the  variations  from  1  g,  i.e. , 

fj  -  f2  =  K'  +  K'c  +  K?'c2  +  K3'c3  +  .... 

Physically,  to  satisfy  the  requirement  that  K2  =  0,  we  find  that  the  detailed  expressions 
(in  terms  of  masses  and  string  parameters)  for  K2  and  K3  call  for  a  quantitative  mismatch 
of  the  two  halves  of  the  instrument,  which  has  not  been  difficult  to  achieve  in  practice. 

The  whole  advantage  of  this  modification  lies  in  the  fact  that  the  rectification  errors 
are  zero  about  the  assumed  1  g  point  about  which  the  expansion  is  derived. 

Security  restrictions  limit  the  publishing  of  actual  data  on  vibrating  string  accelero¬ 
meters  in  many  cases.  Figures  9  and  10,  however,  show  results  of  some  early  tests  employ¬ 
ing  an  unclassified  vibrating  string  accelerometer  used  as  a  sea-borne  gravimeter  and  as 
a  tide  meter,  respectively.  In  both  cases,  off-the-shelf  30  g  instruments  were  used. 

In  summary,  the  vibrating  string  accelerometer  may  be  said  to  offer  high  precision 
performance  with  great  simplicity  and  reliability.  There  are  numerous  special  production 
techniques  required  to  achieve  high  yield  rates  of  instruments,  but  these  have  been  solved 
with  no  recourse  to  super  accurate  tolerances  or  exotic  processes.  Technical  advances 
are  still  being  made  in  numerous  features  and  in  utility  of  these  sensing  instruments. 
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FigU'e  1 


Fig.  4  Readout  method  No.l 

Mdthode  de  presentation  No.  1 


Fig.  5  Readout  method  N...2 

Mdthode  de  presentation  No. 2 
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Fig.  6  Readout  method  No.  3 

Mdthode  de  presentation  No.  3 


Fig.  7  Automatic  in-orbit  zero  adjust 
Rdglage  automatique  du  z^ro 


Fig.  8  Rectification  effect 
Effet  de  rectification 
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Fig.  9  Lunar  tide  measureoent 

Mesurage  de  la  marie  de  la  lune 
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SUMMARY 


The  Quartz  Resonator  Digital  Accelerometer  is  the  result  of  an  extensive  prograa  to 
develop  an  accelerometer  with  digital  output  using  direct  conversion  fro*  force  to 
frequency.  Crystalline  quartz,  as  the  basic  transducer  material,  provides  high  aechanlcal 
stability,  repeatab ility,  and  reliability  and  enables  direct  mechanical-to-electrical 
coupling  using  the  piezoelectric  properties  of  the  material.  This  eliminates  conventional 
electrical  plckoffs  and  torquers  usually  associated  with  precision  accelerometers. 

Instrument  accuracy  is  built  into  the  quartz  resonator.  Relative  simplicity  of  the 
required  electrical  circuitry  eliminates  the  need  for  critical  circuit  components.  The 
crystals  of  two  quartz  resonator ‘mass  systems  operating  in  push-pull  control  the  frequency 
of  two  oscillator  circuits.  The  obtained  difference  frequency  is  proportional  to  the 
spplled  acceleration  and  provides  an  extremely  accurate  digital  output  with  no  requirement 
for  intermediate  equipment. 

The  initial  phase  of  the  program  was  devoted  to  development  of  the  quartz  resonator. 

A  six-degree- of- freedom  computer  program  was  used  to  establish  dimensions  and  to  calculate 
resonant  frequencies  and  harmonica.  The  importance  of  resonator  activity  level  was 
established  and  direct  measurement  techniques  developed.  Effects  of  cutting,  lapping, 
polishing,  etching,  scribing  techniques  and  aging  on  performance  and  stability  were 
experimentally  determined.  The  instrument  design  effort  required  development  of  a 
temperature- insensitive  proof  mama  and  cross  support  system,  a  torsion  free  cantilever 
suspension,  s  stable,  distort  ion- free  esse,  s  rigid  external  mounting  system,  and  an 
ultra-high  vscuia  seal. 

The  instrument,  in  its  final  configuration,  consisted  of  a  dual  crystal,  dual  proof 
mass  design  with  each  proof  mass  suspended  by  a  single  cantilever  spring.  The  electronics 
consisted  of  two  independent  crystal  controlled  circuits,  with  each  crystal  Incorporated 
into  the  bridge  of  a  high  stability  oscillator.  Multiplier  and  frequency  differencing 
circuits  were  developed  for  direct  instrument  reed  out. 

The  design  goal  for  the  Instrument  was  0.02  percent  linearity  in  the  0  to  20  g  range. 

This  mas  achieved  and  demooatrated  la  centrifuge  testa  at  tbs  OB  Army  Guidance  and  Control 
Laboratory  at  Huntsville,  Alabama. 

The  prograa  sade  algalf leant  contributions  to  the  state-of-the-art  la  tbs  development 
of  analytical  expressions  for  frequency  vs  load,  in  elimination  of  mechanical  lock-in  of 
the  crystals,  la  developing  techniques  for  fabrication,  tuning,  matching,  and  mounting  of 
crystals,  in  the  study  of  single  mode  crystal  operation,  and  in  tbs  development  of  precision 
crystal -controlled,  variable  frequency  circuits  with  megohm  range,  aeries,  resonant  cr  ratal 
impedances. 
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TECHNICAL  REPORT  ON  THE 
QUARTZ  RESONATOR  DIGITAL  ACCELEROHETER 

Noman  R.  Serra 


1.  INTRODUCTION 

1.1  Digital  Accelerometers 

The  primary  requirements  for  linear  digital  accelerometers  for  Inertial  navigation 
systems  and  guided  missile  applications  are  simplicity,  low  cost,  small  size,  reliability, 
and  accuracy.  Previous  approaches  to  high  performance  designs  have  involved  the  use  of 
pulsed  forcing,  or  analog  to  digital  conversion  of  force-balance  analog  instruments.  The 
pulsed  systems  require  tightly  controlled  voltage  supplies  and  precision  wave  shaping  to 
obtain  accurate  digital  output.  Analog  to  digital  conversion  offers  the  disadvantages  of 
extra  equipment  requirements  and  loss  of  accuracy  at  the  conversion  stage.  Recently,  the 
use  of  g-sensitive  vibrating  elements  with  open-loop  outputs  has  been  tried  with  a  signi¬ 
ficant  degree  of  succeas.  The  Litton  quarts  crystal  resonator  is  of  this  type. 

Open- loop  digital  instruments  have  the  advantages  of  simplicity,  reliability,  the 
elimination  of  pulsed  forcing  or  A  to  D  conversion,  and  have  the  potential  for  low 
cost,  high  rate  production.  Rhlle  these  instruments  present  challenging  problems  in  the 
area  of  stability  and  temperature  aeasitivity.  they  offer  excellent  probability  of  meeting 
performance  requirements  In  tbe  areas  of  threshold  sensitivity,  dynamic  range,  and 
linearity. 

l.t  The  Litton  Imrti  Crystal  Resonator 

The  open-loop  digital  transducer  used  in  this  instrument  is  a  double,  closed-ended. 
quarts  tuning  fork,  as  illustrated  la  Figure  I.  It  is  approximately  three-quarters  of  an 
inch  la  length,  cut  from  crystalline  quarts,  and  plated  with  thin  metallic  electrodes  by 
means  of  shlch  its  beams  are  pleaoelectrlcally  excited  at  their  mechanical  resonant 
frequency.  The  precise  configuration  and  dimensions  of  the  resonator  resulted  from 
theoretical  consider  at  loos  and  mathematical  analyses  shlch  are  described  in  some  detail 
later  la  this  paper. 

Tun  quarts  resonators  are  used  la  each  Instrument.  Each  resonator  is  fastened  to  the 
instrument  came  and  to  an  individually  suspended  proof  mass  in  a  manner  such  that  accelera¬ 
tion  components  along  its  axis  of  sensitivity  place  ooe  In  tension  and  the  other  in 
compression.  The  resultant  stresses  cause  precisely  defined  changes  in  the  resonant  fre¬ 
quencies  of  the  two  resonators. 

l.S  Advantages  of  Quarts 

Qnrti  la  one  of  several  extremely  stable  crystals  which  exhibit  pleaoelectrlc  pro¬ 
perties  and  is  used,  by  virtue  of  these  properties,  in  frequency  stabilisation  circuits 
for  a  multitude  of  applications.  Rridge-stebllissd  crystal  controlled  oecillators  conn  only 
have  frequency  stabilities  la  the  order  of  ooe  part  in  10*.  It  is  this  extrsne  stability, 
coupled  with  a  highly  uniform  and  predictable  change  in  frequency  as  a  function  of  axial 
load  rag.  that  led  to  their  choice  fur  this  application.  A  great  Mount  nf  work  in  crystal 
control  lad  oecillators  has  been  carried  out  by  the  electronics  industry  and,  therefore. 
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there  is  a  large  storehouse  of  background  experience  and  information  readily  available. 

A  further  advantage  of  quartz  is  its  anisotropic  structure  which  allows  its  characteristics, 
such  as  Q  ,  thermal  coefficient  of  expansion,  and  frequency  to  be  varied  as  functions  of 
its  cut. 

1.4  Development  Program  Objectives 

The  primary  objectives  of  the  development  program  were  to  design,  build,  and  test  an 
instrument  with  the  following  design  and  performance  goals. 

Frequency  as  a  function  of  acceleration. 

Minimum  number  of  parts. 

Under  $500  production  cost. 

Up  to  +60  g  if  required. 

MTBF  of  3000  hours  or  greater. 

0.02%  or  better. 

0. 1  milli-g. 

100  MS  Per  g  in  all  axes. 

-30°C  to  +80°C 


tested  at  the  Litton  Industries  facility  at  Woodland 
id  at  the  US  Naval  Test  Station  at  Point  Mugu,  California, 
and  given  additional  tests  at  the  Army  Inertial  Guidance  and  Control  Laboratory  at 
Huntsville,  Alabama. 

The  main  application  of  the  Instrument,  if  successfully  developed,  would  be  in  inertial 
guidance  systems  for  aircraft  and  in  guidance  and  telemetering  systems  for  missiles. 

Additional  objectives  of  the  program  were  to  evaluate  the  applicability  of  quartz 
crystals  to  this  type  of  application,  to  develop  procedures  and  techniques  for  fabrication 
of  quartz  tuning  fork  resonators,  and  to  determine  the  producibility  of  these  resonators 
for  high  quantity  production  situations. 


(a)  Digital  Output: 

(b)  Simplicity: 

(c)  Low  Cost: 

(d)  High  Range: 

(e)  Reliability: 

(f)  Linearity: 

(g)  Stability: 

(h)  Low  Cross  Coupling: 

(i)  Temperature  Operation: 

(j)  Small  Size. 

The  instrument  was  to  be  static 
Hills,  California,  centrifuge  test 


i 


S.  RESONATOR  DESIGN 

9.1  Theoretical  Considerations 

A  vibrating  bean  in  axial  tension  or  compression  provides  a  simple  direct  technique 
for  force  to  frequency  conversion.  A  staple,  conventionally  mounted  rigid  bean,  however, 
has  serious  deficiencies  in  sensitivity  to  end  aoaenta  and  mounting  point  energy  losses. 
Incorporation  of  a  pair  of  such  beans  into  the  symnetrlcal  tuning  fork  configuration  shown 
in  figure  2  serves  to  reduce  this  sensitivity  greatly,  and  virtually  ellnlnates  trana- 
■1 salon  of  kinetic  energy  to  the  mounting  surfaces.  The  aynnetrical  construction  allows 
the  parallel  beans  to  vibrate  in  symmetry,  so  that  the  nonents  due  to  bending  at  the  dual 
bean  Junctions  are  cancelled.  Tbe  compliant  integral  end  supports  provide  a  high  degree 
of  mechanical  isolation  between  the  active  portion  of  the  resonator  and  the  fastening 

|  points  at  each  end. 

* 

The  differential  equation  for  a  fixed  end  bean  of  constant  cross-section  performing 
transverse  vibrations  was  derived  as  shown  in  the  Appendix.  This  equation  is 

i 

I 

i 

I _ 
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where 


3*1  Vi  Vi 

EIi?'TS?t,37  =  °  ' 


E  is  the  modulus  of  elasticity  in  the  x  (axial)  direction 
I  is  the  moment  of  inertia  of  a  plane  section  through  the  b>  am 
Y  is  the  beam  deflection  at  any  point  x 
x  is  the  position  along  the  longitudinal  axis  of  the  bean 
T  is  the  axial  load  in  tension 
m  is  the  mass  per  unit  length 

t  is  time  . 


Solution  of  this  differential  equation  for  fixed  end  boundary  conditions  results  in  a 
transcendental  equation  of  the  form: 


<*>  =  resonant  frequency , 


A  computer  program  was  used  to  solve  for  u>  ,  resulting  in  the  graph  shown  in  Figure  3. 
This  has  the  following  series  expansion  about  T  =  0  : 


Details  of  the  entire  analysis  are  shown  In  the  Appendix.  This  result  shows  that  the 
equation  for  natural  frequency  as  a  function  of  acceleration  for  s  resonator  in  tension 
is  of  the  forn 

fT  =  tg  *  kjS  -  1,0*  ♦  k,a*  -  . 

where  fg  is  the  no-load  natural  frequency;  and  the  equation  for  a  resonator  in  com¬ 
pression  is  correspondingly 

tg  s  tg  ~  k|S  —  k,a  —  kjS  -  i.« 

These  are  the  basic  equations  used  In  design  of  this  lastrasent. 


492 


The  properties  of  the  various  crystallographic  orientations  were  determined  on  the 
basis  of  published  data  and  calculations1* 2  which  define  thermal  coefficient  of  frequency 
and  Q  as  a  function  of  crystal  cut.  It  was  established  that  thermal  coefficients  of 
frequency  can  be  reduced  to  zero  for  individual  preselected  temperatures,  but  that  crystals 
cut  for  this  characteristic  do  not  provide  maximum  piezoelectric  coupling.  The  cut 
finally  used  was  chosen  for  the  practical  reasons  of  availability  and  high  coupling. 

2.2  Physical  Description 

The  resonator,  shown  in  Figures  1,  2,  and  4,  is  symmetrical ly  shaped  in  the  fora  of  a 
double  closed-ended  tuning  fork.  Its  dimensions  and  tolerances  in  inches  are  0.800 
(±0. 001)  length,  0.080  (±0.0005)  width,  and  0.040  (±0.00005)  thickness.  The  twin  re¬ 
sonating  beams  in  the  center  are  0.250  (±0.0001)  inches  in  length  by  0.010  (±0.0001)  inches 
in  width  and  the  center  section  is  connected  to  the  end  mounting  areas  by  0.015  (±0.001) 
inch  wide  end  tines. 

The  material  used  was  an  optical  grade,  high-Q  ultraviolet  grade,  cultured  quartz. 
Natural  quartz  was  also  obtained  for  evaluation,  based  on  the  recowendation  of  Bell  Tele¬ 
phone  Laboratories,  where  natural  quartz  had  been  shown  to  provide  higher  Q  .  No  con¬ 
clusions  as  to  relative  merits  for  this  application  were  reached. 

The  crystallographic  orientation  used  in  the  final  design  is  a  Y  cut,  in  which  the 
face  of  the  resonator  is  in  a  plane  perpendicular  to  the  Z  axis  of  the  crystal,  with  the 
length  aligned  along  the  X  axis,  and  the  width  along  the  Y  axis. 

The  electrode  pattern  is  illustrated  in  Figure  5.  This  simple  symmetrical  pattern, 
with  voltages  applied  as  shown,  causes  the  beams  to  vibrate  in  their  primary  mode. 
Piezoelectric  deformation  results  from  impressing  electrical  fields  across  the  narrow 
dimension  of  the  beam,  which  is  along  the  crystallographic  Y  axis,  tith  this  mode  or 
excitation,  quartz  distorts  in  shear,  forcing  the  beams  to  bend  in  a  transverse  direction 
as  shown,  or  in  the  opposite  direction  when  the  field  is  reversed.  The  beams  vibrate  at 
the  frequency  of  the  applied  field,  and  these  vibrations  maintain  maximum  amplitude  when 
that  frequency  coincides  with  the  natural  frequency  of  the  beams. 

The  plated  pattern  is  formed  with  a  500  to  1000  ingstroa  thickness  of  nickel-gold 
plating,  scribed  with  a  special  tool  to  isolate  the  electrodes  and  their  circuits  mechani¬ 
cally  and  electrically.  The  circuitry  to  the  electrodes  is  plated  on  the  faces  of  the 
crystal  adjacent  to  the  electrodes.  The  detailed  pattern  of  electrodes  is  also  shown  in 
Figure  4.  Plated  circuitry  eliminates  the  need  for  convent  local  wiring  connections  on  th# 
resonator.  The  resonant  frequencies  of  tin  resonators  are  28  sad  30  kHz,  sad  two  fre¬ 
quencies  srs  used  in  order  to  avoid  frequency  lock-in,  s  problem  which  is  discussed  in 
more  detail  below.  The  30  kHz  range  was  chosen  for  the  best  compromise  between  mechanical 
and  alactrlcal  characteristics. 


3.  INSTBVIfiNT  DCS16N 
3.1  Theoretical  Approach 

The  equations  for  the  natural  frequencies  of  the  resonator  la  tension  and  la  coapre salon 
have  been  derived.  In  this  instrument,  the  resonators  and  their  proof  aeaeea  are  or tested 
such  that  an  acceleration  along  the  sensitive  axle  places  one  resonator  la  tension  and 
the  other  ia  compression.  Taking  the  difference  or  the  two  resonator  frequencies,  and 
dropping  higher  order  terns. 

U  -  h  =  f,  ♦  V  -  M*  ♦  -  f,  ♦  *,•  ♦  hte*  ♦  h,a* 

*  2k,n  v  2k, a1 
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gives  an  expression  which  is  quite  linear,  since  the  second-order  terms  cancel,  and  the 
third-order  tens  are  aasll  (less  than  0.02%  at  20  g  in  the  prototype  units).  Thus  it  is 
seen  that  the  frequency  differencing  systea  provides  outputs  which  are  proportional  to 
applied  acceleration. 

The  use  of  a  two  resonator  systea,  shown  scheaatically  in  Figure  6.  provides  advantages 
beyond  the  reduction  of  non-linearities.  The  f0  ,  or  no-load  resonant  frequency  teras 
of  the  two  resonators,  are  subtracted  froa  one  another  in  the  frequency  difference 
equation.  It  can  be  seen  that,  if  the  changes  which  occur  in  no-load  resonant  frequency 
as  a  function  of  environaent  and  t lee  are  equal  in  direction  and  aagnitude  for  both  re¬ 
sonators,  their  effects  will  ale  mutually  cancel. 

Each  proof  mass  is  supported  by  a  simple  cantilever  spring,  which  lies  in  a  plane  per¬ 
pendicular  to  the  longitudinal  axis  of  the  crystal  and  to  the  sensitive  axis  of  the 
lnstruaent.  This  provides  cross-support  in  the  two  directions  perpendicular  to  the  sensi¬ 
tive  axis.  The  spring  constant  of  the  support  is  calculated  to  provide  temperature 
compensation.  This  is  achieved  by  determining  the  amount  of  thermal  differential  expansion 
which  occurs  between  the  resonator  and  the  case,  and  allowing  the  force  applied  to  the 
resonator  through  the  spring  to  be  of  a  aagnitude  which  will  compensate  precisely  for  the 
temperature  coefficiency  of  frequency  of  the  resonator  under  steady-state  thermal  conditions. 

3.2  Physical  Description 

The  instrument,  shown  in  Figure  7,  is  2|  Inches  In  diameter  and  2  Inches  in  length.  It 
is  constructed  of  two  nearly  identical  lnstruaent  halves,  bolted  together  at  their  mounting 
flanges,  and  each  containing  an  Independent  resonator  and  proof  mass  assembly.  A  cut-away 
view  is  shown  in  Figure  8.  Symmetry  is  achieved  by  locating  each  resonator  in  a  hole  in 
the  center  of  its  proof  mass,  with  the  two  ends  of  the  resonator  attached  to  round  mounting 
buttons,  using  epoxy  cement.  The  buttons  are.  in  turn,  cemented  to  the  case  structure  at 
one  end  of  the  resonator  and  to  the  proof  mass  at  the  other.  The  button  at  the  case  end 
contains  two  sealed  feedthrough  terminals  which  provide  direct  electrical  connections  froo 
the  outside  of  the  case  to  the  resonator. 

The  proof  mass  la  s  composite  assembly,  the  center  portion  of  which  is  an  Integral  part 
of  the  spring.  Each  spring  actually  consists  of  two  spring  leaves  In  the  same  plane, 
laterally  separated  for  optimum  moment  stiffness.  The  proof  mass  centers  of  gravity  are 
located  so  that  they  become  irrotatiomal  upon  application  of  linear  accelerations. 

The  instrument  halves  are  sealed  with  a  Vltoa  O-ring  and  an  Indium  seta!  gasket  seal, 
la  order  to  maintain  the  low  leak  rate  (less  than  10* u  std.  cc/sec)  required  for  long 
life.  The  use  of  organic  cements  and  gaskets  within  the  Instrument  limits  the  outgasslcg 
temperatures  to  under  100*0.  but  this  is  sufficient  to  yield  predictable  crystal  performance. 
A  J-lncn  diameter  copper  tube,  soldered  into  one  case  half,  serves  as  an  evacuation,  out- 
gassing.  sad  final  pinch-off  orifice. 

3.3  major  Design  Problems 

The  initial  design  of  the  instrument  was  intended  to  meet  the  functional  requirements 
of  scale  factor,  range,  and  linearity  in  a  package  or  alnimue  else  mid  weight,  tftlle 
testa  of  individual  lastnment  halves  indicated  that  the  linearity  goal  could  be  met. 
complete  instruments  were  plagued  with  the  problems  or  frsqoency  lock-in.  case  sensitivity 
to  external  forces,  diminlehsd  resonator  Q  ,  and  inadequate  vacuum  sealing. 

Lock-iu  is  caused  by  tbe  two  crystals  resonating  together  to  synthetic  vibration, 
mtpareatly  doe  to  a  mutual  laterchamge  of  mechanical  and  acoustical  energy.  It  sue 
eilmleated  by  operating  tbe  crystals  at  two  different  frequencies,  sith  a  frvqweocy  ratio 
or  U.  This  glvna  a  separation  of  approximately  2000  H*.  el  latest  I*  tbe  possibility  of 
lock-in  over  tbe  entire  acceleration  rang*. 
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The  first  case  design  was  considerably  smaller  than  the  final,  and  was  of  lightweight 
aluminum  construction.  A  cross-sectional  sketch  is  shown  in  Figure  9.  Early  tests 
revealed  a  sensitivity  to  mounting  conditions  that,  in  many  instances,  caused  the  resonators 
to  vary  no-load  frequency,  nnd  occasionally  to  cease  vibrating  completely.  Joining  of 
the  separate  instrument  halves  caused  similar  problems,  which  could  only  be  eliminated  by 
repeated  interchange  of  instrument  halves  until  a  satisfactory  combination  was  found. 

This  proved  extremely  difficult  because  of  the  epoxy  sealing  of  the  instrument  halves 
which  had  to  be  completed  vo  obtain  an  integral  joint. 

A  new  case  was  designed  in  the  configuration  described  in  Section  3.2  and  shown  in 
Figures  7  and  8,  »• ich  greatly  stiffened  the  resonator  supporting  structure  and  eliminated 
mounting  point  distortions.  An  O-ring  seel  was  included  to  permit  ease  of  assembly  and 
disassembly  during  laboratory  investigation  of  the  mechanical-acoustic  energy  transmission 
problem.  The  planes  of  two  proof  mass  cross-support  systems  were  brought  into  line 
so  that  they  would  be  at  cne  same  radius  during  centrifuge  testing.  The  original  design 
of  the  resonator  mounting,  proof  mass,  and  cross-supports  was  not  changed  in  the  new 
"heavy  case"  design. 

When  resonators  were  installed  in  each  half  of  the  heavy  case  accelerometer,  a  vast 
improvement  in  Q  over  the  earlier  design  was  exhibited.  However,  when  the  two  halves 
were  united,  a  50%  drop  in  resonator  activity  was  experienced.  The  assembled  halves  pre¬ 
sented  a  large  area  of  metal  to  metal  contact  which  permitted  a  substantial  interchange 
of  energy  from  resonator  to  resonator.  This  area  was  reduced  by  placing  thin  metal  shims 
between  the  halves  at  six  points  around  the  flange.  The  measured  drop  in  resonator  Q 
was  now  reduced  to  less  than  25%. 

In  order  to  insure  a  final  seal,  an  indium  wire  gasket  was  added  between  the  case  halves. 
This  material  V,3  the  property  of  deforming  under  pressure  to  accept  the  contour  of  the 
surfaces  wi+h  which  it  is  in  contact,  filling  up  small  surface  imperfections  and  maintaining 
its  volumeti ic  integrity  over  an  indefinite  period. 


4.  ELECTRICAL  DESIGN 
4.1  Theoretical  Approach 

The  fundamental  problem  of  resonant  frequency  vibration  is  the  design  of  a  circuit  which 
will  tune  itself  precisely  to  the  natural  frequency  of  the  controlling  element  (in  this 
case,  the  resonator).  For  thir  purpose,  each  crystal  was  incorporated  into  a  bridge 
oscillator  circuit  designed  to  operate  with  the  unusually  high  series  impedance  of  the 
quartz  crystal  resonator.  The  circuit  schematic  is  shown  in  Figure  10. 

The  general  considerations  that  apply  to  any  oscillator  are  expressed  by  Barkhausen’ s 
criteria  which  require  that,  while  in  a  steady  state  condition,  the  power  gain  around  a 
closed  loop  be  unity  and  that  the  phase  shift  be  zero.  If  g?.in  eTceeds  unity,  oscillations 
will  build  up  in  amplitude  until  limiting  occurs  in  the  loop,  thus  reducing  the  gain. 

The  second  of  these  criteria,  which  requires  that  the  phase  shift  around  the  loop  be  zero, 
determines  the  operating  frequency.  For  a  non-zero  phase  shift  condition,  the  frequency 
changes  the  proper  amount,  to  cause  the  phase  shift  to  become  zero.  The  circuit  design 
features  used  to  satisfy  those  criteria  are  described  in  Section  4.2.1. 

In  addition,  the  resonator  stability  must  be  defined  in  useful  and  measurable  terms, 

The  iirst  order  mode  of  the  crystal  is  shown  below,  where  Cj  is  the  equivalent  shunt 
capacitance  of  the  crystal,  and  L  ,  C  ,  and  R  represent  the  motional  impedance. 
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The  figure  of  merit  M  is  a  reliable  measure  of  crystal  stability, 


where 


R  C  L 

rAAA^r-]  | — 


In  conventional  applications,  K  is  normally  greater  than  10,  but  in  this  application  it 
ranges  from  0.3  to  3.0.  Its  importance  is  shown  in  the  frequency  stability  expression 


—  - - d  0  , 

f  Q(M  +  2) 


where 

Af/f  is  the  fractional  change  in  frequency 

M  is  the  amplifier  net  voltage  gain 

d 0  is  the  phase  rhanee  in  the  circuitry  external 

to  the  bridg . 

For  a  typical  crystal 

Q  =  2  x  10* 

M  =  1 

M  =  200 

d  <t>  =  0.05 

Af/f  2s  5  x  10* 8  . 


4.2  Circuit  Design 

4.2.1  Excitation  Circuit 

A  large  variety  of  oscillator  circuits  have  been  designed  for  use  with  low  to  moderately 
high  impedance  crystals.  One  such  circuit  is  the  Meacham  bridge  oscillator3,  which  was 
designed  at  Bell  Laboratories  and  served  to  demonstrate  that  it  is  possible  to  minimize 
the  frequency  changes  due  to  electronic  shifts  external  to  the  bridge  itself.  In  that 
circuit,  the  reactance  of  the  shunt  capacitance  relative  to  the  series  impedance  of  the 
crystal  is  relatively  high.  The  crystal  appears  as  a  small  resistance  shunted  by  a  large 
capacitance.  A  transformer  is  used  to  obtain  the  bridge  drive,  and  a  thermal  element  is 
used  to  control  amplitude. 

i  The  Litton  quartz  resonator,  however,  electrically  resembles  a  large  resistor  shunted 

l  by  a  capacitor  with  comparable  reactance.  The  series  resonant  impedance  is  in  the  j  to  6 

I  megohm  range.  For  this  reason,  a  more  complex  circuit  was  required.  This  circuit,  shown 

f  in  Figure  11,  uses  two  driving  sources  180  degrees  out-of-phase  with  one  another  instead 

!of  a  transformer  as  used  by  Meacham.  This  provides  a  broader  available  frequency  band  and' 
permits  control  of  one  of  the  two  driving  amplifier  loops  with  an  AGC.  The  Litton  circut 
uses  this  AGC  rather  than  a  thermal  element  for  amplitude  control.  With  amplitude  tightly 


i  * 

|  t  . '  ?  ‘ 
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controlled,  the  frequency  becomes  effectively  dependent  upon  the  phase  shift.  The 
extremely  high  impedance  pickoff  from  the  bridge  minimizes  the  bridge  loading  and  the 
resultant  effects  upon  amplitude  and  phase  shift.  The  loops  including  the  oscillators 
have  extremely  high  gain,  in  excess  of  100.  This  also  has  a  stabilizing  effect,  by 
tending  to  reduce  the  effects  of  phase  shift  due  to  electronics  outside  the  bridge,  as 
shown  by  n  in  the  equations  above. 

With  these  stabilizing  factors,  the  only  remaining  area  of  serious  concern  is  the 
stability  of  the  RC  balancing  leg  of  the  bridge.  As  shown  above,  the  effect  of  the 
external  electronics  on  the  frequency  stability  is  in  the  neighborhood  of  five  parts  in 
10®. 


4.2.2  Output  Electronics 

The  output  mechanization,  shown  in  Figure  12,  consists  of  a  ^  multiplication  of  the 
higher  frequency  crystal  output,  an  additional  5x  multiplication  of  both  outputs,  and  a 
frequency  differencing  circuit.  The  basic  technique  for  multiplying  the  frequency  of  a 
signal  is  to  extract  an  appropriate  harmonic  after  altering  the  signal  waveform  to  assure 
a  known  spectrum.  Odd  harmonic  multiplication  (xl5)  is  performed  by  square-wave  limiting 
of  the  input  signal  to  be  multiplied  initially  and  using  appropriate  filtering  to  extract 
the  fifth  and  then  the  third  harmonic,  with  square-wave  limiting  as  an  intermediate  step. 
The  resulting  output  is  a  frequency  15  times  that  of  the  input.  Division  by  16  is  achieved 
with  a  four  stage  binary  counter.  Multiplication  by  5  is  the  same  as  multiplication  by 
15  with  the  elimination  of  the  last  two  steps. 

A  standard  mixer  circuit  is  used  to  obtain  the  difference  frequency  between  the  two 
resonator  outputs.  None  of  its  components  is  critical  and,  with  the  use  of  high  frequency 
silicon  transistors,  special  precautions  in  layout  and  packaging  are  unnecessary. 


5.  RESONATOR  FABRICATION 


S.  1  Procedures 

Several  essential  sequential  operations  were  involved  in  the  resonator  manufacturing 
process:  ultrasonic  cutting  of  the  resonator  from  a  single  blank,  lapping  and  polishing 
to  match  the  beams  and  improve  activity,  intermediate  testing,  plating  and  scribing,  final 
testing  and  matching  in  pairs,  and  operational  aging  at  temperature  for  optimum  stability. 
Development  of  the  sequence,  tooling,  and  technique  was  a  lengthy  and  highly  empirical 
effort  which  ultimately  resulted  in  a  predictable  and  acceptable  yield  of  crystals. 

5.1.1  Resonator  Cutting 

A  Sheffield  Cavitron  was  used  for  ultrasonic  cutting  of  the  resonators  from  flat 
quartz  blanks  of  desired  finished  thickness.  The  goal  in  this  area  was  to  develop  tooling 
and  methods  for  cutting  symmetrical  resonators,  with  closely  repeatable  dimensions,  at  an 
acceptable  production  rate.  In  addition,  the  crystal  surfaces  were  to  be  substantially 
free  from  cracks,  chips,  and  other  defects. 

A  three-piece  cutting  tool  was  designed  which  allowed  the  critical  cutting  surfaces  of 
the  tool  to  be  replaced  readily  without  major  tool  rework,  and  which  cut  as  many  as  seven 
resonators  consecutively  from  a  flat  plate  without  the  necessity  of  sizing  each  blank. 

Brass  tools  were  used  to  eliminate  the  danger  of  chipping.  However,  satisfactory  results 
and  better  tool  wear  were  ultimately  achieved  with  steel.  A  slurry  of  3  micron  Al?0, 
was  used  for  cooling,  lubrication,  and  removal  of  waste  material. 

This  equipment  produces  a  resonator  in  less  than  one  hour  of  machine  time  with  negligible 
breakage.  The  raw-cut  resonators  are  of  good  quality  and  surface  finish,  and  tolerances  on 
the  critical  dimensions  are  controlled  to  within  100  microinches.  While  further  improvements 
are  possible,  these  methods  yield  acceptable  raw-cut  resonators  at  reasonable  cost. 
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5.1.2  Lapping  and  Polishing 

The  natural  frequency  of  the  resonator  Is  highly  dependent  upon  the  dimensions  of  the 
active  beams  of  the  tuning  fork.  A  change  of  100  microinches  in  thickness  can  produce  a 
300  Hz  change  in  natural  frequency;  therefore,  frequency  variations  due  to  machining  must 
be  removed  by  more  precise  techniques.  Frequency  trimming  by  adding  mass  to  the  beams  by 
overplating  was  unsuccessful  because  results  were  too  limited  to  compensate  for  the  large 
variation  between  raw-cut  beams.  Fine  grit  sandblasting  by  which  frequencies  could  be 
controlled  down  to  5  to  10  Hz  was  also  attempted,  but  it  was  not  as  effective  as  lapping 
and  polishing,  which  achieves  1-Hz  control.  Etching  in  a  solution  of  hydrofluoric  acid 
was  found  to  yield  a  great  improvement  in  beam  activity.  The  apparent  mechanism  is  the 
removal  of  surface  irregularities  and  small  particles  of  debris  remaining  after  vigorous 
cleaning  and  lapping.  The  final  procedure  established  was  to  lap  to  within  100  Hz  of  the 
desired  frequency  and  then  polish  and  etch  to  the  final  frequency. 

5.1.3  Intermediate  Testing 

Frequency  matching  of  the  beams  of  an  individual  resonator  is  an  indispensable  require¬ 
ment  for  high-Q  performance.  Matching  of  the  resonators  destined  for  a  particular  instru¬ 
ment  is  also  highly  desirable  from  the  standpoint  of  linearity,  temperature  compensation, 
and  aging.  Since  the  only  acceptable  way  to  match  frequencies  is  by  removal  of  material 
from  the  surface  of  the  active  beams,  tuning  and  matching  can  only  be  accomplished  on 
unplated  resonators.  Because  of  this,  it  is  necessary  to  measure  frequency  at  the  unplated 
polishing  stage. 

A  capacitive  drive  fixture  consisting  of  eight  flat  plates  arranged  in  a  pattern  similar 
to  the  electrode  pattern  of  the  resonator  was  designed  to  perform  this  measurement.  The 
beams  of  the  unplated  crystal  were  located  between  the  fixture  plates  with  a  small  physical 
clearance  to  assure  that  no  mechanical  contact  was  made,  and  voltages  were  applied  in  a 
manner  identical  to  the  resonator  electrode  pattern.  Natural  frequency  and  Q  are  readily 
determinable  from  the  voltage  output  measurements. 


5.1. 4  Beam  Balancing  of  Resonators 

An  important  consideration  in  the  performance  of  this  transducer  is  its  sensitivity  to 
stimuli  other  than  forces  along  its  sensitive  axis.  It  is  desirable  to  mount  the  resonator 
in  a  manner  that  prevents  the  application  of  non-axial  forces;  but,  since  this  is  difficult 
to  accomplish,  the  resonator  must  be  made  as  insensitive  as  possible  to  the  cross-axis 
forces  imposed  by  distortions  in  the  clamps  and  the  proof  mass  support  system.  Analysis 
Indicates  that  frequency  changes  due  to  side  loads  in  a  plane  which  Includes  the  two  active 
beams  can  be  minimized  by  insuring  that  the  two  active  beams  are  dimensionally  balanced. 
This  was  examined  experimentally  by  clamping  one  end  of  a  plated  resonator  in  a  stationary 
frame  and  applying  a  series  of  cross-axis  loads  at  the  other  end.  The  graph  of  frequency 
versus  side  loads  plotted  in  Figure  13  was  obtained  from  these  data.  A  second  resonator 
which  had  been  "beam  balanced”  was  examined  under  the  same  circumstances.  The  data, 
plotted  in  Figure  14,  show  it  to  be  less  sensitive  to  side  loads  by  a  factor  greater  than 
10.  Beam  balancing  by  polishing  and  etching  was  therefore  established  as  a  mandatory  step 
in  the  resonator  fabrication  process. 

5.1.5  Plating  and  Scribing 

Application  of  the  electrodes  and  circuitry  to  the  resonator  in  a  manner  which  would 
provide  reliable  adhesion,  uniform  thickness,  homogeneous  structural  qualities,  and  freedom 
from  surface  discontinuities  Involved  many  serious  problems,  the  foremost  of  which  was  the 
choice  of  materials.  Best  results  were  normally  obtained  with  bimetallic  plating,  the 
underlay  material  being  chosen  tor  surface  adhesion  and  the  overlay  for  uniformity, 
structure,  and  surface  qualities.  Several  materials  and  combinations,  aluminum,  chromium 
and  gold,  nickel  and  gold,  platinum,  and  others  were  tried,  using  resonator  performance  as 
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a  measure  of  acceptability.  A  nickel-gold  combination  gave  the  best  empirical  results  and 
was  used  in  the  prototype  instruments.  The  plating  was  performed  with  conventional  vacuum 
deposition  equipment  using  a  rotational  fixture  to  obtain  uniform  plating. 

The  two  obvious  methods  of  obtaining  electrode  and  circuitry  pattern  definition  are  to 
mask  the  paths  between  circuits  prior  to  plating,  or  to  use  photo-etching  to  remove 
material  after  plating,  a  process  similar  to  techniques  used  in  printed  microcircuitry. 
Unfortunately  the  internal  surfaces  of  the  beams  do  not  lend  themselves  well  to  these 
techniques  and,  consequently,  a  method  of  direct  material  removal,  using  an  electrical 
scribing  tool,  was  devised  instead.  With  this  method,  manual  skill  and  care  in  handling 
are  the  prime  requisites  for  success,  and  these  were  developed  to  the  extent  that  the 
operation  became  routine.  It  seems  apparent,  however,  that  further  experimentation  with 
the  previously  described  approaches  might  yield  considerable  savings  in  time  and  improved 
consistency  in  results.  The  electrode  and  circuitry  pattern  are  illustrated  in  Figures  4 
and  5. 

5.1.6  Resonator  Aging 

Because  of  the  relationship  between  output  Af  per  g  and  the  no-load  natural  frequency 
of  the  resonators,  it  can  be  seen  that  the  no-load  natural  frequencies  must  be  extremely 
stable  (in  the  range  of  a  fraction  of  a  part  per  million  per  month).  Thus,  one  of  the 
major  technical  endeavors  in  the  program  was  to  improve  stability  by  controls  applied  to 
the  fabrication  of  the  resonators,  and  by  specially  developed  techniques  designed  to 
accelerate  physical  stabilization  of  the  crystals.  The  latter  is  referred  to  as  aging, 
and  consists  of  high  temperature  continuous  operation  of  the  resonators  until  such  time 
as  initial  large  changes  in  no-load  frequency  have  disappeared. 

The  aging  process  is  normally  carried  out  in  a  vacuum  oven  controlled  to  0.01  degree 
Centigrade  and  is  aided  by  constant  high  vacuum  pumping  for  continuous  outgassing  of  the 
crystal.  A  typical  aging  curve  is  shown  in  Figure  15.  It  can  be  seen  that  the  greatest 
aging  occurs  in  the  first  400  hours,  after  which  the  average  slope  of  the  aging  curve 
becomes  more  gradual.  It  also  should  be  noted  that  aging  of  the  electronic  components 
in  the  oscillator  circuits  was  found  to  be  occurring  simultaneously,  and  that  their  relative 
contribution  to  the  composite  aging  rate  becomes  large  as  the  crystal  Itself  becomes  more 
stable. 

BeBt  results  were  obtained  when  the  aging  process  was  applied  to  completed  instruments, 
held  at  temperature,  with  evacuation  occurring  through  the  copper  fill  tube,  permitting 
the  unit  to  be  sealed  off  without  further  contamination  by  the  outside  atmosphere. 
Stabilities  obtained  were  in  the  order  of  one  part  in  10T  random  drift. 


6.  PERFORMANCE 

6.1  Type  of  Testing  Conducted 

The  tests  performed  on  the  instrument  and  its  component  parts  were  those  which  could 
yield  information  particularly  germane  to  the  problems  of  this  specific  design.  Among 
the  most  critical  problems  were  stability  versus  time  and  stability  versus  temperature  of 
both  the  crystal-instrument  combination  and  the  electronic  oscillator.  These  character¬ 
istics  were  tested  extensively.  Other  variables  tested  because  of  their  critical  effect 
upon  performance  were  the  level  of  activity  of  the  crystal  as  a  function  of  acceleration, 
the  sensitivity  of  the  instrument  to  changes  in  Internal  pressure,  and  the  oscillator 
stability  as  a  function  of  the  a.c.  drive  voltage  of  the  crystal  and  of  the  d.c.  power 
level  to  the  oscillator.  Finally  the  instrument  was  subjected  to  conventional  tests  for 
zero  to  one  g  linearity  and  centrifuge  linearity  to  ±20  g. 
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6.1.1  Stability  versus  Tine 

A  large  number  of  stability  tests  were  conducted  on  individual  resonators,  one  of 
which  is  shown  in  Figure  15.  The  ultimate  interest,  however,  is  focused  on  resonator 
performance  as  a  part  of  the  completed  instrument,  since  it  is  essential  to  know  how  long 
an  aging  period  is  needed  for  the  instrument  to  stabilize,  and  what  level  of  stabilization 
can  be  expected.  For  this  purpose,  the  heavy  case  Instrument  was  placed  in  a  temperature 
controlled  environment  and  operated  for  a  five-month  period.  Output  was  monitored  on  a 
continuous  basis  and  plotted  daily.  The  results  are  shown  graphically  in  Figure  16.  It 
was  observed  that  it  took  almost  the  full  five  months  for  the  instrument  to  achieve  an 
acceptable  degree  of  stability  and  that,  even  then,  a  small  residual  drift  uncertainty, 
in  the  range  of  0.1  milli-g,  persisted.  The  test  was  discontinued  after  experiments 
showed  that  the  drift  rate  could  be  varied  by  minor  component  changes  in  the  electronics, 
from  which  it  was  concluded  that  the  area  of  electronic  component  stability  wo.:ld  have  to 
be  investigated  and  improved  before  additional  meaningful  drift  tests  could  be  conducted. 

Although  the  initial  drift  of  the  instrument  was  high  (0.1  mill-g  per  day),  the  pro¬ 
gressive  and  relatively  predictable  decrease  in  drift  rate  during  the  test  period  indicated 
a  probability  of  achieving  ultimate  stability  in  the  fractional  milli-g  range  by  control 
of  resonator  processing  and  supplementary  aging  procedures. 

6.1.2  Stability  versus  Temperature 

There  has  not  as  yet  been  an  adequate  checkout  of  the  original  thermal  design  theory  of 
the  instrument,  which  specified  that  the  axial  loading  produced  by  differential  expansion 
between  the  case  assembly  and  resonators  and  transmitted  to  the  resonators  by  the  spring 
should  cancel  the  thermally  induced  frequency  shifts  in  the  resonators.  There  mere,  how¬ 
ever,  tests  performed  on  Individual  resonators  for  frequency  versus  temperature,  which  can 
be  helpful  in  predicting  thermal  performance.  Figure  17  shows  a  typical  resonator  curve. 

It  can  be  seen  that  a  preferred  temperature  exists  at  which  minimal  temperature  sensitivity 
occurs  and  that  there  is  a  precise  point  at  whi^h  the  df/dt  becomes  aero.  The  rate  of 
change  at  60°C,  a  typical  operating  temperature,  is  0.7  parts  per  million  per  degree 
Centigrade. 

An  examination  of  oscillator  characteristics  under  similar  conditions  (shown  in  Figure 
18)  indicated  a  well  defined  temperature  characteristic  which  will  also  have  a  mensurable 
effect  on  the  overall  thermal  stability.  The  net  thermal  sensitivity  due  to  the  >um  of 
all  thermal  error  contributions  is  as  yet  unknown;  however,  it  was  observed  that  control 
of  temperature  to  0.05°C  during  test  appeared  to  be  sufficient  to  eliminate  significant 
errors. 

6. 2  Accelerometer  Parameters 

6.2.1  Resonator  Activity  Level 

It  was  demonstrated  early  in  the  program  that  the  first  requisite  for  repeatable 
instrument  performance  was  the  maintenance  of  a  high  level  of  activity,  or  Q  ,  on  both 
resonators.  Two  factors  which  were  originally  suspected  of  contributing  to  a  reduction 
in  activity  level  were  the  level  of  internal  pressure  within  the  Instrument,  and  the 
actual  application  of  g-loads  along  the  sensitive  axis.  Both  of  these  were  t<  sted  and 
the  results  are  shown  in  Figures  19  and  20.  The  pressure  versus  Q  curve  shews  that 
Internal  pressure  can  be  lncreaaed  to  10* 1  torr  without  seriously  lapairing  performance. 
Acceleration,  fortunately,  had  no  measurable  effect  on  resonator  Q  . 

6.2.2  Oscillator  Circuit  Performance  Errors 

Two  critical  variables,  the  power  supply  voltage  to  the  oscillator  and  the  crystal 
drive  level,  were  also  observed  to  have  a  measurable  effect  on  the  Instrument  output 
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period  or  frequency.  Test  results,  shown  In  Figures  21  sod  22,  demonstrated  this  to  be 
s  problem  requiring  controls  and  tolerances  on  both  variables.  The  power  supply  must  be 
held  to  ±0. 1  volts  and  the  crystal  drive  level  to  ±1%  to  Halt  the  errors  from  these 
sources  to  one  micro-g  or  less. 

6.2.3  Zero  to  Ohe  g  Linearity 

One  g  linearity  testing  is  conducted  by  rotating  the  sensitive  axis  of  the  instrument 
in  10  degree  increments  through  360  degrees  in  a  vertical  plane  through  the  earth's 
gravity  fields.  Readings  of  accelerometer  output  frequency  are  made  at  each  Increment  of 
rotation.  The  data  are  reduced  to  obtain  the  straight  line  acale  factor  coefficient  and 
bias,  and  the  residual  error  at  each  point  is  plotted  as  a  percent  of  1  g.  Figure  23 
shows  the  test  results  on  the  heavy  case  completed  instrument.  Maximum  non-linearity  on 
this  particular  test  is  0.0013%  of  1  g.  and  la  typical  of  0  to  1  g  testa  oo  both  heavy  and 
lightweight  case  designs. 

6.2.4  Zero  to  20  g  Linearity 

Multi-point  centrifuge  testing  was  conducted  at  two  different  government  facilities. 

In  the  tests  at  Point  Mugu,  California,  a  set  of  ten  test  points  was  used,  while  at 
Huntsville,  Alabama,  a  series  of  repeatability  testa  was  conducted  at  0.  ±10,  and  ±20  g. 
The  10-polnt  test  data  are  plotted  in  Figure  24.  which  shows  percent  non-linearity  with 
the  resonator  equations  for  frequency  versus  load.  The  maximum  non-linearity  was  0.02% 
in  the  positive  direction  and  0.035%  in  the  negative,  both  of  which  occurred  at  the 
maximum  g  level. 

The  0.  10.  and  20-g  repeatability  tests  showed  a  scattering  of  data  ranging  from  0.006 
to  0.02%  non-linearity.  The  scatter  was  due  to  poor  centrifuge  speed  control,  but  the 
magnitudes  served  to  confirm  and  even  improve  upon  the  lb-point  test  results,  and  verify 
that  the  expected  non-linearity  la  in  the  0.02%  range  at  the  20  g  full  scale  output. 


7.  CONCLUSIONS 

7. 1  Major  desalts  and  Caacluateaa 

The  major  results  and  conclusions  listed  below  summarise  the  accomplishments  of  the 
Quarts  Resonator  Digital  Aooelerometer  development  program. 

(a)  The  practicability  of  using  a  quarts  resonator,  closed- end  tuateg  fork  as  an  open- 
loop  acceleration  sensing  device  has  been  demonstrated. 

(b)  The  practicability  of  a  resonator-oscillator  electronic  mechanisation  which  will 
accurately  represent,  with  respect  to  frequency,  the  lateraal  stress  levels  within 
the  resonator  has  been  established. 

(c)  The  effectiveness  of  a  frequency-difference  system,  siick  serves  to  eliminate 
inherent  non- linear it lea  in  the  resonator  force- output  relationships,  has  been 
demonstrated. 

(d)  The  major  problems  inherent  la  the  manufacturing  of  quarts  crystal  elements  for 
the  precise  and  unusual  requirements  of  this  type  of  application  have  bees  shoes 
to  he  auraoustable. 

(e)  loth  the  mechanical  and  electrical  performance  of  this  type  of  system  hove  proven 
to  be  subject  to  mathematical  analysis  which,  it  was  demonstrated,  can  be 
sufficiently  rigorous  to  predict  per  fa  mean  characteristics  sod  problem  arena 
accurately. 
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(f)  The  acceleroaeter  developed  during  this  progrsa  demonstrated  performance  which  is 
reasonably  satisfactory  in  range,  linearity,  threshold,  and  output  format,  but  is 
not  yet  completely  acceptable  from  a  functional  Instrument  standpoint.  This  per* 
formance  does,  however,  serve  well  to  demonstrate  the  principles  Involved,  and 
tends  to  support  the  assumption  that  the  remaining  problems  are  subject  to  reasonable 
engineering  solution. 

7.2  Remaining  Problems 

The  three  areas  jpon  which  attention  must  be  focused  in  order  to  attain  universality 
of  application  for  this  instrument  are  stability,  temperature  sensitivity,  and  size. 

Although  the  Instrument  stability  improved  greatly  over  the  flve*month  test  period,  an 
aging  time  of  five  months  is  unacceptable  unless  recalibration  is  permitted,  and  the  level 
of  stability  achieved  was  only  marginal.  No  serious  attempt  at  stabilizing  the  electronic 
components  has  yet  been  made.  Work  in  this  area,  as  well  as  development  of  accelerated 
aging  techniques  for  the  resonators,  is  essential. 

Temperature  sensitivity  has  not  yet  been  investigated  thoroughly.  There  are  several 
design  approaches  to  decreasing  the  temperature  sensitivity,  if  necessary,  such  as  rotation 
of  the  crystallographic  axes,  variations  in  compliance  of  the  cross-axis  spring  support, 
alteration  of  differential  expansion  rates  by  changing  case  assembly  materials,  thermal 
coefficient  matching  of  the  resonators,  or  attempting  to  operate  at  the  minimal  sensitivity 
temperature  of  both  resonators. 

Finally,  the  present  size  of  the  heavy  case  was  chosen  as  a  deliberate  structural  over- 
design  to  solve  the  problem  of  mounting  sensitivity.  It  remains  to  be  seen  how  much  the 
size  can  be  reduced  without  re-initiating  the  problem. 
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APPENDIX 

DESIGN  THEORY  OF  QUARTZ  RESONATOR 
FORCE-TO-FREQUENCY  TRANSDUCER 


A. 1  FREQUENCY  RESPONSE  OF  A  RESONATOR  VIBRATING 
IN  THE  FUNDAMENTAL  MODE 

In  this  Appendix,  the  differential  equation  of  a  beam  performing  transverse  vibrations 
is  derived  and  then  solved  with  the  appropriate  boundary  conditions.  Finally,  the  natural 
frequency  of  vibration  is  given  as  a  function  of  the  beam  constants  and  the  applied  axial 
load. 

A.  1.1  Derivation  of  the  Differential  Equation 


x  x  +  dx 


Y 


Consider  a  bean  under  an  axial  load  (T)  as  shown  in  the  sketch  above;  It  is  constrained 
at  the  ends  but  is  free  to  vibrate  in  the  transverse  or  Y  direction  at  intermediate 
points. 

The  differential  equation  nay  be  derived  by  considering  a  saall  beam  eleaent  of  length 
dx  at  soae  position  x  .  The  disgraa  opposite  shows  all  of  the  forces  acting  on  the 
differential  eleMnt  where 

T  is  the  axial  load 

Q  Is  the  shear 

M  is  the  aoMnt 

■  is  the  nass  per  unit  length. 
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For  the  case  of  a  beam  of  constant  cross-section,  Equation  (A4)  reduces  to 

3*Y  3!Y  3*Y 

El  —  -  T  --T  +  ■  —r  =  0  . 

3x*  3x*  3t* 


(A5) 


A.  1.2  Solution  of  the  Differential  Equation 

When  the  bean  vibrates  In  one  of  its  nornal  nodes,  the  deflection  at  any  position  and 
tine  nay  be  represented  as 

Y(x,t)  =  X(x)  sin  wt  .  (A6) 

Substituting  Equation  (AS)  into  Equation  (AS)  leads  to 

3'X  d*X 

=  °- 

It  can  easily  be  verified  that  cosh  a,x  and  cos  a,x  are  particular  solutions  of 
Equation  (A7),  where 


(A7) 


a,  = 


a,  = 


\j  1\2EI/  EI  2EI 

/I/tV 

Y  I®/  +  w 


T 

2EI 


(AES) 


(ABb) 


The  general  solution  can  thus  be  written  as 

X  =  A  cosh  i,i  4  1  cos  a,x  . 


(AD) 


where  the  constants  A  and  B  are  chosen  la  accord  with  the  boundary  conditions.  Let 
tbs  origin  he  at  the  center  of  the  bean.  Since  both  ends  are  built-in,  the  boundary 
conditions  are 


f  l\ 

.  */  W 

I  l\  (l\ 

dx  -  -  dx  - 

'  2/  \2 


(AlOa) 


dx  ds 

Fran  Equation  (AD),  Equations  (AlOa)  and  (AlOb) 


(AlOb) 
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Sioc«  A  and  B  ire  both  non-»ro,  the  determinant  of  the  coefficients  sunt  vanish 


cosh  a,  - 


cos  a,  - 


l\  i  l 

a.  sinh  a,  -  -  i  a,  sin  a,  - 

V  V  X  2 


/  A  (  i\  (  i\  l  i\ 

a,  -  tsnh  a.  -  U  a,  -  it»n  a,  -  =  0 

\  V  \  2/  V  2/  \  V 


Equation  (All)  is  the  transcendental  equation  which  determines  the  relationship  of  frequency 
to  the  beam  constants  and  the  axial  load. 


A.  1.3  Frequency  Response 

Because  of  the  transcendental  nature  of  Equation  (All)  and  the  fore  of  a.l  and  a}  , 
an  analytical  solution  for  u  is  somewhat  tedious.  However,  the  results  of  a  computer 
program  have  yielded  the  frapfa  shown  in  Figure  3  of  the  sain  text,  which  L-a  the  following 
series  expansion  about  T  =  0  or  no  load: 


u  =  5.58332 


I*t\  I* tV  (  1*T 

♦  0.08831  -  -0.00531  -  ♦  0.00055  - 

8E!  /  8EI  8EI 


i 

I  "  *  •  • 


(A12) 


Sensitive  axis  and  vibrational  mode 


Fie. 3  Frequency  versus  load  response 
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lightweight  ase 


Fig. 10  Bridge  oscillator  circuit 


Fig.  11  Oscillator  circuit 
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Fig. 19  Resonator  frequency  versus  pressure 
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Fig. 20  Resonator  activity  level  versus  acceleration 


Oscillator  Period  -  Power  Supply  Characteristic 


Power  Supply  Level  (Volt*  D«c) 
Pig. 21  Oscillator  output  period  versus  supply  voltage  level 


Pig. 22  Oscillator  period  versa*  crystal  drive  level 
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SUMMARY 


The  nuclear  magnetic  resonance  (NMR)  gyroscope  described  is  a  rate  integrating  single 
input  axis  instrument.  It  has  no  moving  parts;  many  of  its  advantages,  such  as  extreme 
acceleration  tolerance  and  lack  of  reaccion  to-.-<iues  arise  primarily  from  this  feature. 

In  addition,  the  nuclear  gyro  can  accommodate  large  input  rate  and  angle  ranges. 

Certain  nuclides  possess  an  intrinsic  angular  momentum  and  hence  a  nuclear  magnetic 
dipole  moment.  The  sensing  element  of  the  nuclear  gyroscope,  low  density  mercury  vapor, 
contains  a  collection  of  such  atomic  nuclei.  This  collection  of  mercury  nuclei  behaves 
very  much  like  many  microscopically  small  but  excellent  gyroscopes  having  bar  magnets  on 
their  spin  axes  and  without  mechanical  interactions  with  their  surroundings.  The  apparent 
changes  in  the  dynamic  behavior  of  the  collection  of  nuclei  measured  by  the  surrounding 
instrument  when  it  rotates  with  respect  to  inertial  space  provides  the  rotation  sensing 
information.  More  particularly,  changes  of  precessional  motion  of  the  nuclear  magnetization 
in  a  magnetic  field  during  rotation  of  the  apparatus  are  detected. 

The  use  of  two  different  kinds  of  nuclei,  199Hg  and  20tKg,  eliminates  the  need  for  very 
accurate  control  or  knowledge  of  the  magnitude  of  the  applied  magnetic  field.  NMR  signals 
with  large  signal-to-noise  ratios  are  obtained  with  only  weak  (1.2  gauss)  magnetic  fields 
through  the  use  of  optical  pumping  for  orientation  of  nuclei  and  through  optical  monitoring 
of  the  precession  motion. 

The  instrumentation  of  a  recently  tested  experimental  model  is  described.  In  this  model, 
phase  comparisons  between  output  signals  from  NMR  controlled  oscillators  supply  the  rotation 
output  information.  Design  factors  affecting  random  drift  rates  and  application  ranges  are 
discussed. 
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AN  OPTICALLY  PIMPED  NUCLEAR  MAGNETIC 
RESONANCE  GYROSCOPE* 

James  H.  Simpson  and  I  . A. Greenwood 


The  optically  pumped  nuclear  magnetic  resonance  gyroscope  is  a  rotation  sensing  device 
that  measures  the  integrated  rate  of  rotation  about  a  single  axis.  In  this  instrument, 
the  rotation  sensing  element  is  a  collection  of  oriented  atomic  nuclei.  Aside  from  the 
thermal  motion  of  the  atoms  there  are  no  moving  parts;  therefore,  the  operation  of  the 
nuclear  gyroscope  should  not  be  influenced  by  high  accelerations  and  should  create  no 
reaction  torques.  Other  desirable  characteristics  will  be  shown  to  be  derived  from  this 
characteristic. 

In  this  paper  we  shall  state  briefly  the  fundamentals  of  operation,  examine  one  form 
of  a  laboratory  instrumentation,  and  discuss  the  operation  and  application  of  the  gyro. 

Perhaps  the  basic  motivation  for  the  development  of  a  nuclear  gyroscope  came  from  the 
simplified  picture  of  certain  atoMic  nuclei,  which  possess  inherent  angular  momentum. 

These  nuclei  act  in  many  ways  as  if  they  were  microscopic  spinning  masses  at  the  centers 
of  atoms.  The  spinning  motion  requires  no  power  input  and  the  gimbaling  is  nearly  perfect 
Of  course,  since  the  nucleus  is  positively  charged,  it  will  also  possess  a  magnetic  moment. 
The  ratio  of  the  magnetic  moment  to  the  mechanical  angular  momentum  is  a  characteristic 
of  each  nuclide  that  has  angular  momentum  and  is  called  the  gyromagnetic  ratio. 

In  order  to  see  how  rotation  information  can  be  obtained  from  a  collection  of  oriented 
nuclei,  consider  the  dynamic  motion  of  such  a  collection  in  an  applied  constant  magnetic 
field  H0  ,  as  illustrated  in  Figure  1.  The  net  magnetization  $  is  the  resultant  of  all 
the  individual  magnetic  moments.  The  general  motion  of  the  magnetization  M  in  the  mag¬ 
netic  field  is  one  of  precession  about  the  direction  of  the  magnetic  field.  The  preces- 
sional  angular  frequency  is  called  the  Larmor  frequency  and,  as  measured  in  a  non-rotating 
frame,  is  u>  =  yH0  .  Rotation  information  sensed  arises  from  changes  in  the  phase  of  this 
precession  when  the  observer's  apparatus  rotates  about  the  direction  of  the  magnetic  field. 
In  order  to  separate  the  shifts  in  phase  due  to  rotation  from  those  due  to  changes  in  the 
magnetic  field,  two  kinds  of  nuclei  may  be  used  and  hence  two  nuclear  phases  observed. 

Thus,  knowledge  or  exact  control  of  the  magnetic  field  is  not  required1,2. 

A  schematic  drawing  of  the  optically  pumped  NMR  gyroscope  is  shown  in  Figure  2.  The 
two  nuclei  with  which  the  magnetic  resonance  is  observed  are  the  stable  odd  isotopes  of 
mercury:  199Hg  and  201Hg.  The  mercury  is  in  the  form  of  a  monatomic  vapor  (about  10~4  mmHg 
pressure  or  ~1012  atoms/c. c.)  and  is  contained  in  a  cylindrical  cell  about  1  cm  in  each 
dimension.  The  mercury  absorption  cell  is  made  of  high-purity  synthetic  fused  silica. 

The  frequencies  at  which  the  signals  occur  are  1  kHz  for  199Hg  and  369  Hz  for  201Hg  in 
the  1.2  gauss  magnetic  field  that  is  used.  The  signals  are  observed  as  the  outputs  of 
NMR-controlled  oscillators  in  which  optical  pumping  is  employed  to  enhance  the  net  nuclear 
magnetization  and  also  to  monitor  the  precessional  motion  of  the  nuclear  magnetization. 
Optical  pumping  refers  to  the  exchange  of  angular  momentum  between  the  circularly-polarized 
pumping  beam  and  the  mercury  atoms.  By  this  process  the  fractional  orientation  of  mercury 
nuclei  is  enhanced  by  a  factor  of  about  109.  The  precessional  motions  of  the  magnetization 
cause  the  monitor  beam  to  be  modulated  at  the  two  frequencies.  The  signals  on  the  light 
beam  are  converted  to  electrical  signals,  amplified,  and  fed-back  to  drive  the  magnetiza¬ 
tion  in  a  steady  precession.  In  Figure  3  we  see  a  schematic  diagram  of  the  arrangement 
with  which  most  of  the  test  operations  have  been  performed. 

•  Currently  funded  through  Contract  N00017-87-C-2419. 
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Here  the  two  beams  have  been  combined  into  one  beam  at  45°  with  respect  to  the  magnetic 
field  with  which  both  pumping  and  readout  are  accomplished.  The  light  from  a  single  beam 
is  divided  into  two  beams  to  pump  and  readout  two  mercury  cells,  each  of  which  contains 
both  mercury  isotopes.  The  two  N&R- control  led  oscillators  are  arranged  with  their  constant 
magnetic  fields  pointing  in  opposite  directions,  so  that  rotations  which  add  to  the  phases 
of  the  signals  in  one  oscillator  subtract  from  the  phases  in  the  other  loop.  The  rotation 
information  is  extracted  from  the  outputs  of  the  NMR-cortrolled  oscillators.  This  arrange¬ 
ment  facilitates  the  phase  comparison  of  the  NMR  signals  and  also  tends  to  minimize  the 
effects  of  light  fluctuations.  The  NMR  components  are  shown  in  Figure  4.  The  model  shown 
has  been  subjected  to  test  operation  in  the  laboratory,  as  have  several  models  that 
preceded  it. 

Now  consider  the  fundamental  experimental  parameters  and  their  influence  on  gyro  per¬ 
formance.  Fluctuations  in  any  parameter  which  lead  to  a  deviation  in  the  frequency  differ¬ 
ences  at  the  output  of  the  spin  generators  will  contribute  to  uncontrolled  drift  in  the 
output  of  the  gyro.  The  various  sources  ot  ihift  are  listed  in  Table  I.  The  list 

is  divided  into  two  parts.  The  first  part  contains  those  sources  for  which  there  is  no 
correlation  between  the  two  spin  generator  loops  The  second  part  contains  those  effects 
which  need  not  be  minimized  on  an  absolute  basis  but  only  on  a  differential  basis. 

Both  the  noise  in  the  spin  generator  io'p  and  the  fundamental  magnetization  phenomena 
lead  to  random  fluctuations  in  the  phase  of  the  oscillations  of  the  spin  generators.  The 
primary  source  of  the  noise  in  the  spin  generators  is  the  noise  arising  from  the  photon 
beam  and  its  detection.  Its  effect  is  minimized  by  achieving  large  signal-to-noise  ratios 
in  the  magnetic  resonance  cells.  Current  values  well  in  excess  of  40  dB  put  this  contribu¬ 
tion  below  several  thousandths  of  a  degree  per  hour. 

The  magnetization  noise  arises  from  the  statistical  nature  of  the  collection  of  nuclear 
magnetic  moments  which  form  the  nuclear  magnetization.  The  effects  of  these  fluctuations 
are  minimized  by  attaining  long  NMR  damping  times  and  a  very  high  percentage  orientation. 
Estimates  of  this  contribution2  show  this  to  be  of  the  same  order  of  magnitude  as  the 
shot  noise. 

The  phase  stability  of  the  electronic  components,  particularly  the  amplifier  in  the 
spin  generator  loop,  determines  the  degree  to  which  the  output  of  the  oscillator  follows 
the  ideal  processional  motion  of  nuclear  magnetizations.  Through  the  use  of  large  amounts 
of  feedback,  the  desired  stability  can  be  achieved. 

A  shift  in  the  effective  direction  of  the  H„  field,  due  to.  let  us  say.  a  change  in 
the  ambient  field,  has  two  effects  on  the  gyro  output.  The  first  is  that  it  shifts  the 
direction  of  the  sensitive  axis  of  the' gyro  so  that  it  no  longer  coincides  exactly  with 
the  externally  labelled  axis.  A  small  amount  of  magnetic  shielding  can  reduce  this  shift 
to  the  point  of  being  not  important.  The  second  effect  may  be  to  introduce  a  phase  shift 
through  a  change  in  the  effective  angle  between  the  H;  field  and  the  light  beam.  A 
preferred  relative  orientation  of  the  H,  field  coll  and  the  light  beams  reduces  this 
effect  and  makes  it  negligible. 

The  observed  Larmor  frequency,  that  at  which  the  magnitude  of  the  resonance  reaches  a 
maximum  and  the  phase  shift  achieves  a  medial  value,  is  a  function  in  an  optically  pumped 
experiment,  primarily  of  the  intrinsic  gyromagnetlc  ratio  and  the  magnetic  field.  It  is 
also  weakly  dependent  on  intensity,  polarization,  and  spectral  distribution  of  the  incident 
beams  of  light3.  Through  care  in  equalizing  the  light  in  the  two  cells,  the  effects  of 
changes  in  light  intensity  may  be  balanced  in  the  two  spin  generators.  This  is  accom¬ 
plished  in  the  apparatus  that  is  shown  by  deriving  the  two  beams  of  light  from  a  single 
beam,  through  the  use  of  the  reflection  polarizers. 

The  parameters  presented  in  Table  I  represent  the  major  problem  areas  that  have  been 
identified  and  studied.  In  each  caae  a  satisfactory  solution  has  been  fouod  to  eliminate 
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or  minimize  its  effect  on  the  performance  of  the  gyro.  The  more  recent  work  has  been 
concerned  with  the  development  of  procedures  and  techniques  which  will  result  in  the 
reduction  of  the  laboratory  Instrumentation  to  one  of  practical  size  and  power  require¬ 
ments.  The  design  of  the  latest  models  under  construction  shows  these  changes. 

Some  of  the  desirable  characteristics  of  the  optically  pumped  NIK  gyroscope  are  summa¬ 
rized  briefly  in  Table  II.  Most  of  the  characteristics  are  derived  from  the  fact  that 
there  are  no  moving  parts.  The  lack  of  moving  parts  should  lead  to  a  long  operating  life¬ 
time.  relative  ease  of  construction  and  maintainance.  and  low  comt.  Since  all  components 
of  the  gyro  are  firmly  fixed  in  the  structure,  the  instrument  should  be  capable  of  operating 
and  providing  accurate  readout  during  periods  of  very  high  accelerations.  The  absence  of 
a  large  rotating  mass  also  eliminates  the  possibility  of  a  reaction  torque  being  exerted. 
Since  there  are  no  gimbals  forced  to  follow  rapid  motions,  the  gyro  can  accommodate  the 
wide  range  of  input  rates  and  angles  associated  with  strapdown  applications. 

The  use  of  any  unconventional  gyro  in  a  guidance  system  should  not  be  thought  of  am 
simply  replacement  of  a  conventional  mechanical  gyro.  In  order  to  fully  realize  all  the 
unique  advantages  of  a  new  device,  the  system  integration  should  be  thought  through  com¬ 
pletely  in  terms  of  the  component  input  and  output  characteristics;  for  example,  in  the 
case  of  the  nuclear  gyro,  the  full  information  stored  in  the  phase  of  the  processing  nuclear 
magnetization  should  be  utilized. 

At  the  present  time,  the  studies  of  the  nuclear  gyroscope  have  demonstrated  the  validity 
of  the  concept  of  using  two  different  nuclides  in  the  same  magnetic  field  to  eliminate 
exact  control  of  the  magnetic  field.  Moat  of  the  wort  on  reduction  toward  a  useful  instru¬ 
ment  has  been  accomplished,  in  that  critical  problem  areas  have  been  identified  and  practical 
solutions  have  been  found.  In  the  next  phase  of  investigation,  instrument  evaluation,  the 
range  of  performance  characteristics  of  the  instrumentation  will  be  determined. 

Through  additional  investigation  of  the  fundamental  phenomena  associated  with  optically 
pumped  nuclear  magnetic  resoaance.  improvements  in  basic  limiting  parameters  such  as  signal - 
to-nolse  ratios,  magnitudes  of  lamp  shifts,  and  phase  stability,  would  lead  to  a  second 
group  of  nuclear  gyroscopes  with  greater  accuracy,  smaller  size,  and  reduced  power 
consumption. 
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TABLE  I 

Sources  of  lUndou  Drift  in  the  Nuclear  Gyro 

1.  Noise  in  spin  generator  loop. 

2.  Magnetization  noise. 

3.  Phase  stability  of  electronic  couponents. 

4.  Changes  in  effective  direction  of  the  constant 
aagnetic  field. 

5.  Light  induced  shifts  in  Laraor  frequency. 


TABLE  II 

Characteristics  of  the  Nuclear  Gyro 

1.  capable  of  operating  and  providing  accurate  readout 
during  periods  of  high  acceleration. 

2.  Vide  range  of  input  rates  and  angles. 

3  No  reaction  torque. 

4.  Lon*  operating  llfetiue. 

5.  Relative  ease  of  construction  and  aainteinance.  loe 
cost. 


Fir  1  Precession  of  nuclear  Magnetization  about  Magnetic  field 


Fig.  2  Mil-controlled  oocillator  eltb  optical  punping 
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6YR0IETRES  LASER  ET  APPLICATIONS 
J.  M.  Catberin  et  B.  Desaus 


1.  INTRODUCTION 

Le  prlnclpe  du  gjrroadtre  i  laser  eat  aalntenant  bien  cnnnu  dee  spdclallstes  de  navi  gat  loo 
et  de  guidage  par  Inertle.  Ndanaolns.  nous  le  rappellerooa  rapldeaent  poor  facl liter  la 
coaprdhenslon  de  ce  qul  suit. 

Un  gyroadtre  4  laser  eat  cooat  it ud  d’un  tube  dans  1  equal  on  prodult  un  plaaaa  susceptible 
d'aapllfler  de  la  lualdre,  ce  tube  dtant  plaed  daaa  une  cavltd  optlqoe  f trade  sur  elle-atas. 

La  forae  la  plus  staple  eat  un  triangle  coast it ud  par  des  alroirs  ou  dea  prlsaea  4  rd- 
flexioa  totals.  Nous  avona.  alors.  un  dlapoaitif  coapoad  d‘un  aaplifleateur  coupld  k  un 
rdaonoateur  et  souala  k  une  rdtroaetlon  preaque  totals  pulsque  07  k  Mt  de  1* doergle  dalae 
par  le  tube  J  rent  re  de  nouveau. 

Ce  ayatdaa  et  done  susceptible  d'oaclller.  si  le  gain  du  tube  oat  supdrl ear  aux  partaa 
de  la  cavltd. 

Le  laser  daet  alors  deux  oodes  progressives  qul  parcoureat  la  cavltd  so  seas  cootralre. 

La  frdquencv  d*  oscillation  eat  cells  qul  »ara  lea  partes  alulae  lea:  c*  est  k  dire,  calls 
dont  le  ddpbasage  au  court  d*  une  rdvolutlon  eat  un  aultlple  antler  de  rad  lane,  ou  sac  ora. 
cells  dost  la  longueur  d'onde  set  sous  aultlple  de  It  league ur  da  t rejet  optlque  L  . 

A  trie  peu  de  chose  prde.  c*eat  la  cavltd  qul  fist  la  frdqueaca. 

-  81  le  gyraadtre  4  laser  eat  en  repos  ou  en  t renal at  loo  daaa  un  eapace  abaolu.  la 
trajet  dea  deux  aodee  progressives  est  le  stow,  las  frdqueacaa  soat  lea  liaea. 

•  81  le  ejrroadtre  4  laser  eat  ea  rotation  daaa  ce  atae  eapace,  use  owls  volt  alore  eon 
trajet  al longer.  1*  autre  volt  too  t rejet  dloluuer,  lae  deux  frdqueacea  d'oacllletloa 
soat  diffdr  antes  et.  at  l'oa  read  col  lads  Ires  las  r  arose  traaaale  par  ua  alrolr.  oa 
obtlast  sur  ua  ddtecteur  quadrat lque  ua  batteaeut  dost  la  frdqwace  aat  la  diffdreace 
dea  frdqueacea  dea  deux  oadae  progre selves. 

La  frdqueace  de  betteaeet  set  does de  per 


*'l.  frdqaeece  de  cheeuae  dea  daaa  oadae  progressives 
8  ear  face  ddllattds  par  le  trajet  de  ces  oadea 

P  pd  risk  re  de  trajet  optiqae 


A  loageeer  d* 


de  travail. 
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De  u#ee  que  U  frequence  est  ilAe  k  la  vltesse  anjrulatre,  la  phase  eat  llAe  i  1' ancle, 
et  une  aesure  <f  angle  peut  se  fain*  per  siaple  coaptage  du  noabre  de  pArlodes  de  batteaent 
dAllvrA  par  le  gyroaAtre  A  laser  au  cours  du  bu lay age  de  cet  angle,  ce  noabre  Atant  Inde¬ 
pendent  de  la  vltesse  de  percours: 

-  x,  -  —  (x2  -  a,)  . 

Bn  toute  rlgueur,  1*  explication  corrects  du  phAnoacae  s'obtlent  k  partlr  des  prlnclpes  de 
la  relatlvltA  gAnAralisAe:  la  vltesse  de  la  lualAre  n'est  pas  constants  dans  un  rAfArentlel 
tournant11. 


Avant  de  poursulvre.  citrus  quelques  ordres  de  grandeur  en  prenant  par  eieaple  le  gyro¬ 
aAtre  k  laser  HAliua  NAon  fenctioonant  sur  une  rale  de  longueur  d' onde  6329  t: 


frequence: 
largcur  Doppler: 
surtension  de  la  cavltA: 
largcur  de  bands  V 


i0  ^  4.5 »  J.C*’  Hi 

Vp  1  10*  Hr 
quelques  10  soli  une 
quelquer  10*  Hz 


largeur  de  rale  de  1* oscillation  <  lfT"  a  10*'  Hz 


Enfin.  pour  un  gyroaAtre  triangulaire  de  15  ca  de  etti  on  c  senslbleuxmt 

.Vi!  1  x  A  . 


avec  Av  en  Hz  et  fz  en  degrAa  par  heure.  no;-. 

N  -  1  »  Ax  . 


oA  H  eat  le  noabre  de  periods*  co*?t 4e*  et  -V*.  l«  dAplacecent  angulalre  en  aecondea  d*arc. 


2.  AVANTA6CS  »ES  6VK0HCTKES  *  LtSFI 

Le  gyroaAtre  A  laser  est  un  dlapoettlf  alttique:  c* eat  la  preatAr*  caractenatique  le 
diffAr#  octant  des  gyroaAtrea  convent  loans  1»  !1  est  Inutile  d*  inatster  tor  lea  avantages 

que  presents  cette  proprlAtA 

Le  gyroaAtre  A  laser  a  use  dynaalque  trAu  Ateodu#  avec  une  excel ieote  linAaritA:  eatre 
quel  que*  ceotainea  de  degrA/beure  et  10,#/t>  faost  500  t.’an  environ)  tee  4 cart*  de  luAaritA 
soot  infArieuree  A  10  * 

U  gyroaAtre  A  laser  foaralt  see  assures  dlrecteaest  sous  forae  dlgitale.  frAqueace  pour 
Its  vtteasee.  noabre  d*  iapulsloo*  pour  let  angle*  Hour  im  gyroaAtre  Inner  trtnogulnir# 
de  15  ca  de  cMA,  oa  dbtlent  sisAaent  une  rAsolutiun  de  •*  de  second*  rare 

Le  trai tenant  des  assures  par  calcvl  est  done  part  leal  ifcreeest  ai*A  On  Avite  **  per  ‘ 
tic* Her  le  problAa*  de  rexpioltation  dee  faible*  aignaua  analoglqoas  U  gyr mitre  A 
laser  set  felbleaent  sensible  A  Is  teupArature  et.  par  prlaeipe.  inssaslble  an  aecAlAre- 
tloas  et  vibrations.  U  llalte  pratique  de  cette  insensibilitA  e*t  doenev  par  la  rlgidltA 
de  le  structure  optique.  cette  rlgidltA  pouvant  At  re  part  A*  A  m  degrA  tr*u  AlevA. 

Safin.  In  durAe  de  ele  set  cells  du  tube  laser,  e’est  A  dire  plusleur*  aUlle.a  d%eures. 
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3.  LES  D IFEICULTES  DU  GYROMETRE  A  LASER  ET  LES  SOLUTIONS  POSSIBLES 

Prises  par  ordre  d’  iaportance  au  niveau  des  principes.  ces  difficult#®  soot  les  suivantes: 

-  PhAnonAne  de  coup late  entre  les  ondes  optiques 

-  Non  rAciprocitA  du  trajet  optlque  dans  le  nil.eu  aaplificateur 

-  Conservation  de  rallgneaent  du  trajet  clique  aslgrA  1*  influence  de  la  teupArature, 
des  vibrations  et  des  contraintes  aAcaniques. 

Reprenons  dans  1* ordre  Inverse  cbacune  de  ces  difficult#®  en  explicit ant  le  problAne  et 
en  cltant  les  renAdes  dAjA  utllis#s  ou  I  l'#tude 

La  pr#cisloa  n#cessaire  d’alicneaent  des  airoirs  ou  prisaes  d'  un  gyroaAtre  A  laser  eat 
de  1* ordre  de  quelques  secondes  d’arc.  On  volt  tout  de  suite  le  rOle  que  peuvent  jouer  la 
teap#rature  et  les  perturbat ion»  a#eaniques  sur  une  cavit#  optlque  aal  conque  De  plus, 
nous  verrons  par  la  suite  qu‘  il  n'est  pas  suff leant  de  renter  dans  lea  conditions  d'  oscilla¬ 
tion  du  laser,  aais  qu’ll  faut  A  cette  oscillation  une  grande  stabllit#  de  puissance  et  de 
fr#quence  ai  1’  on  veut  attelndre  une  certain®  prAcision  II  eiiste  actuelleaent  plusieurs 
solutions  peraettant  d'obtenir  des  structures  optiques  trAs  rlgides  et  stables  ee  teapAra- 
tur«.  Elies  oat  en  coaaun  de  supprlaer  les  r#glages  d'aligneaent  des  airoirs  ou  dea 
princes,  ceux-cl  #tant  dlrecteaent  coll#s  sur  une  plAce  aasslve  en  quarts  ou  en  granit.  II 
eat  nlenaoins  trAs  utile,  dans  certaines  applications,  de  conserver  un  #l#aent  optique 
wnt#  sur  une  c#raaique  piA*o  Alectriqur  et  d* avoir  ainsl  la  poaslbilit#  de  stabiliser  de 
fsqon  trAs  prAclae  la  loagueur  d«  ravit,  et.  par  consAqueot.  la  frAquence  d* oscillation 
Ces  solutions  peuvent  dona*  -  au  gyrooAtre  A  laser  une  nette  aupAriorit#  pour  rapplication 
aui  engine  A  fortes  accAl Aratioaa 

Dan*  la  technique  que  nous  util  icons,  nous  disposons  i»*  •»  tel  AlAnent  piAso-Alectrique. 

La  Unite  de  la  variation  de  teapArature  admissible  sur  *  gyronAt re  A  laser  sera  dAteminAe 
par  la  correction  next sal*  de  longueur  que  1* on  pent  obttnir  de  1* AlAaent  piAso.  aolt  une 
disaine  de  nicrons  La  variation  eorrespoodante  de  tenpArature  eat  d'  une  disaine  de  degree 
centigrade*  avec  un  support  m  granit.  quelques  divines  avec  un  support  en  quarts. 

1.1  eat  possible  que  dans  une  At  ape  ultArleur*.  on  soit  aaenA  A  atabiliaer  la  teapArature 
poor  pousser  (e  gyronvtre  A  m  prAciaion  uitine.  ioraque  lea  erreura  du  second  ordre  dues 
au*  variations  de  teapArature  m  aeront  plus  oAgligeable* 

Nous  don  cltA  en  second  lieu,  une  difficult#  wins  conmw  dsa  gyros# tree  A  laser:  la 
variation  non  rAciprsqne  du  trajet  optlque  dam  It  allies  aaplificateur 

Gn  effet.  »a*  dAbuta  das  At  ode*  sur  la  gyronAtre  A  laser,  lea  efforts  oet  port#  e«en- 
tielleatet  «ur  lea  problAaee  de  couplage  et  sur  la  recbercbe  de  diveraea  nAthode*  de  fans 
Aro  penaettaart  da  coatoumer  la  difficult#.  Bar  la  suite,  on  a* eat  istAreaaA  A  ces 
pbAnonAnes  de  non  rAciprocitA  car  leaf  inf  luence  sur  le*  erreura  du  gyroaAtre  A  laser 
b'Ataieat  plus  aAgllgeables  A  aeaure  que  ie*  gyroaAtre*  A  later  gagneront  ea  prAclaloe. 
cea  pbAwaAoea  pr  end  root  une  i  sport  ance  de  plus  en  plus  foodaumtale 

U  relation  „V-  ’  (4Br'\nn  a’eat  etacte  que  pour  une  cavit  A  passive,  ear  le  nllieu 
aaplificateur  peat  iatrodulre  une  dlffArvac*  de  trajet  optlque  qui  vlent  ae  coppoaer  avec 
celle  latrudulte  par  une  rotation 

Ea  effet.  sous  arronn  Alt  que  le  gain  de  ee  ail  leu  rest  paa  constant  avec  la  frAqwoce 
La  caractAristlque  eat  semlbleaest  celle  de  1’Alargiasewnt  Doppler  de  la  rale  d'Aulaalon. 
c’cut  A  lire  use  Oases tease  Daw  le  me  dea  Mitres  Alectriquea,  Bode  a  aontrA  qu’une 
variation  de  la  tmasulttaace  avec  la  frequence  a* accoapagnait  d’uw  variation  de  pteee 
De  olue.  lea  re  1st  low  de  traeera  Kroalg  aoatreat  daaa  le  cue  dee  dlAlectrlquea  qu*uM 
varl  at  too  d*  absorption  avec  la  frAquence  s'  nccmpngse  d*uM  variation  d’  ladles 
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Le  ph^nom4ne  est  le  m£me  en  Emission  stimuli,  done  dans  le  cas  d' un  gain  (Fig.l). 

Cette  variation  d’ indice,  qui  est  tr£s  fatble.  va  engendrer  une  variation  de  longueur 
de  trajet  optique,  proport ionnelle  a  la  longueur  du  milieu  amplif icateur  traverse. 

La  foimule  pr^c^dente  devient  alcrs 


.\v 


4S  ^  C\[n(i  2)  -  n(i  .)l 

\p‘  \P 


oil  est  la  lcngueur  du  milieu  amplif  icateur  traverse  et  n(M  est  1’ indice  du  milieu 
en  function  de  la  frequence  optique. 


Cette  fonction  est  tabulae  et  s' appelle  fonction  de  dispersion  d*  un  plasma.  Son 
expression  analytique  est  assez  compliqu^e  et  nous  en  prendrons  un  d^veloppement  limite 
valat  '  6U  voisinage  du  centre  de  la  rale  (ce  qui  correspond  effectivement  a  nos  conditions 
de  travail  4tant  donn4  ql  nous  employons  un  melange  moit.i^  moitid  de  Ne?0  et  de  Ne2, 
destine  4  ^viter  la  competition  entre  les  deux  ondes  progressives  dans  cette  zone  de 
frequence) . 


Un  calcul  simplify  destine  seulement  a  donner  des  ordres  de  grandeur  donne 


n(i/)  -  1  +  0.5  x  10 


-e  v  ~  l’o 


Avn 


AG 

/  v  -  V  0V 

1  +  — 

if  0 ) 

Go_ 

V  X  )  _ 

Cette  formule  a  i$t^  obtenue  en  prenant  un  gain  de  4%  pour  le  laser.  Les  bases  de  ce 
calcul  peuvent  se  trouver  dans  la  Reference  3.  En  portant  cette  formule  dans  la  pr^c^dente 
et  en  supposant  que  vl  est  maintenue  egal  4  v  par  1’ asservissement  de  frequence  on 
obtient 


la  signification  de  v  et  Ar'D  a  £t^  donn^e  plus  haut,  le  facteur  1  +  AG/Gq  indique 
1’ influence  d‘ une  variation  de  gain  AG  autour  d’ une  valeur  Gq  de  ce  gain. 

Donnons  une  application  nua^rique: 


avec  C  ,  vitesse  de  la  lumi4re 


3  x  10em/s 


k  -  0,6  x  10"  6m 
La  =  0, 15  m 
P  =  0,45  m 
Ai^  =  109  Hz 


4S 

\P 


2  x  105 


on  a 


2  x  10’ 


1  -  10"3(1  +  Ag/g 


r  /»'Yl 

n1  -  w)\ 


i  ^  ■ 
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avec  r.  en  rad  's  soit 


r  / 

o.  Vl 

1  -  10"3(1  +  AG/G0) 

K 

?)J 

si  1’ on  exprime  en  degres  par  heure.  L’  4cart  de  linearity  e  est  alors 


Ce  rdsultat  montre  que  m@me  pour  des  vitesses  aussi  e'levees  que  107°/h  l’erreur  de  lin£arit£ 
e  =  10"7  sera  tres  faible.  Les  variations  de  gain  auront  une  influence  beaucoup  plus 
importante  en  niodifiant  le  facteur  d’ echelle. 

A  cela  s'ajoutent  les  effets  de  saturation  que  pr^sentent  tous  les  oscillateurs.  Dans 
le  cas  des  lasers  employes  pour  les  gyrom&tres,  la  raie  d’ Emission  est  inhomog&ne,  c’ est 
a  dire  que  la  variation  de  gain  engendree  par  la  saturation  reste  localis^e  autour  de  la 
frequence  d’ oscillation  au  lieu  de  se  r^partir  sur  1’ ensemble  de  la  raie. 

Cela  signifie  que  les  distorsions  dans  la  courbe  de  gain,  done  dans  la  courbe  d’ indice, 
sont  relativement  marquees.  Le  trajet  optique  de  chaque  onde  depend  done  du  degr^  de 
saturation  qu’elle  provoque  dans  le  milieu  amplificateur,  done  de  la  puissance,  ou  encore 
de  la  difference  gain  moins  pertes  de  la  cavit4  pour  ce  sens  de  propagation.  Les  pertes 
peuvent,  en  effet,  §tre  ldg^rement  diff^rentes  pour  les  deux  sens  de  parcours  a  cause  des 
phenom^nes  de  diffusion. 

La  difference  de  trajet  ainsi  obtenue  se  manifeste  m«?me  a  vitesse  de  rotation  nulle. 
e'est  a  dire  lorsque  vl  =  .  Pour  ces  problemes  voir  les  Rdf^rc-nces  4-6  et  8. 

Ces  phenomenes  montrent  qu’il  est  ndeessaire  de  stabiliser  au  mieux  la  frequence 
d' oscillation,  le  gain  du  laser  et  les  pertes  de  la  cevite. 

La  stabilisation  de  frequence,  peut  Stre  obtenue,  soit  en  comparant  la  frequence  optique 
du  gyrometre  a  celle  d‘ un  laser  stabilise  annexe  par  h^terodynage  optique,  soit  en  stabi- 
lisant  le  gyrometre  sur  lui-meme,  e'est  a  dire  au  sommet  de  la  courbe  de  gain  du  milieu 
amplificateur. 

Les  deux  solutions  ne  presentent  pas  de  grandes  difficult^  et  les  r^sultats  sont 
satisfaisants. 

La  stabilisation  du  gain  implique  1' emploi  d’ alimentations  stables  et  la  stabilisation 
des  pertes  est  une  affaire  de  rigidity  et  de  propret^  de  la  cavity  optique.  Mais,  cela 
n' est  pas  suffisant  pour  certaines  applications.  II  est  alors  necessaire  de  mesurer  les 
variations  r^siduelles  et  d’  intioduire  une  correction  appropri^e. 

On  a  calculi  une  formule  th^orique  reliant  divers  param&tres  importants;  elle  a  la 
forme 


F  -  F 

r?  ri 


-  vx )  A 


(I,  +  I,) 


+  C(I?  -  I,) 


avec  r?  -  t',  frequence  mesuree,  F4  -  F?  frequence  corrigee,  I,  et  l2  puissance  des 
deux  ondes.  A  ,  B  and  C  sont  des  paramfctres  dependant  principalement  du  gain  de  la 
frequence  et  de  dlverses  constantes  physiques  du  milieu  amplificateur,  mais  ne  dependent 
pas  des  pertes  de  la  cavity  qu'  il  n’ est  done  pas  necessaire  de  connaltre.  La  frequence 
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4tant  fix4e  par  ailleurs,  on  peut  mesurer  des  quant it4s  proport ionne lies  4  Ij  et  I 2  , 
seul  le  gain  reste  actuellement  tr4s  difficile,  sinon  impossible,  4  mesurer  avec  precision 
au  cours  du  fonctionnement  du  gyrometre  4  laser.  Cela  n’ est  pas  tr4s  grave  dans  la  mesure 
ou  les  variations  de  puissance  sont  dues  beaucoup  plus  aux  variations  de  pertes  qu’ aux 
variations  de  gain. 

Cette  formule  va  8tre  v^rifi4e  exp^rimentalement  et  dans  la  mesure  ou  elle  fournirc  des 
valeurs  invariantes  de  A  ,  B  et  C  pour  un  laser  donne,  on  pourra  ensuite  corriger  la 
mesure  donn^e  par  le  gyrom4tre  par  un  calcul  fait  en  temps  r4el.  II  est,  en  effet,  de 
loin  pr4f^rable  d’effectuer  une  correction  par  calcul  que  de  fixer  et  I2  4  des 
valeurs  de  consigne  par  un  asservissement.  Celui-ci  apporte  en  effet  plus  d’ inconvdnients 
que  d’ avantages . 

Nous  avons  plac4  en  dernier  lieu  1’ 4tude  du  ph4nom4ne  de  couplage  car  le  choix  des 
solutions  4  ce  probl4me  depend  en  partie  des  considerations  qui  ont  pr4c4de  dans  1’ etude 
de  la  non  reciprocite  des  trajets  optiques. 

On  a  observe,  depuis  longtemps,  qu’en  dessous  d’ une  certaine  valeur  de  la  Vitesse  de 
rotation,  le  battement  disparaissait  totalement,  ce  qui  signifie  que  les  deux  ondes  emises 
par  le  laser  sont  4  meme  frequence,  bien  que  les  trajets  optiques  vus  par  chacune  d’ elles 
soient  legfcrement  differents.  Ce  phenom4ne  est  imputable  en  premier  lieu  aux  imperfections 
des  elements  optiques  places  sur  le  trajet  des  deux  ondes  et  en  second  lieu  aux  caracteris- 
tiques  du  milieu  amplificateur  lui-mSme. 

En  efft,  les  irregularites  residuelles  des  surfaces  optiques  provoquent  la  retrodif fusion 
d’une  partie  de  l’energie  incidente  dans  1*  angle  solide  deiimitant  1’ onde  de  sens  contraire. 

La  situation  est  celle  de  deux  oscillateurs  faiblement  couples  dont  le  desaccord  relatif 
decrolt.  En  dessous  d’une  certaine  valeur  de  ce  desaccord,  les  deux  oscillateurs  se  syn¬ 
chronised  en  frequence  et  en  phase.  Dans  un  laser  en  anneau,  au  lieu  d’ avoir  deux  ondes 
progressives  independantes,  on  a  dans  ce  cas  une  onde  stationnaire.  Bien  que  de  valeur 
relative  tr4s  faible  (quelques  centaines  de  hertz  de  seuil  pour  5»  10u  hertz  de  frequence 
d’ oscillation),  ce  ph4nom4ne  introduit  un  seuil  de  mesure  de  l’ordre  de  quelques  centaines 
de  degr^s  par  heure  qui  rend  le  gyrom4tre  4  laser  impropre  4  toute  application  de  classe 
inert  ielle  sans  emploi  d' une  m4thode  de  faux  z4ro. 

La  reduction  du  couplage  est  essentiellement  une  question  de  qualite  et  de  propretl 
des  divers  4l4ments  optiques  et  de  simplicity  de  la  structure.  Tout  yirfment  ajoutd  sur 
le  trajet  des  rayons  lumineux  est  une  source  de  rytrodiffusion,  done  de  couplage.  De  toute 
fecon,  quelles  que  soient  les  prycautions  prises,  on  abaisse  diff icilement  le  seuil  de 
couplage  en  dessous  d*  une  centaine  de  degry/heure,  ce  qui  est  de  tr4s  loin  insuff isant 
pour  yviter  1’ emploi  d’ un  faux  z4ro. 

On  a  oherchy  de  nombreuses  solutions  qui  peuvent  se  ramener  4  deux  types. 

Tout  d’ abord  des  moyens  visant  1'obtention  au  repos  d’une  fryquence  de  battenent  aussi 
stable  que  possible.  Ces  moyens  sont  yquivalents  a  une  vitesse  de  rotation  constante 
ajoutye  4  la  vitesse  mosurye. 

Parmi  ces  moyens  on  peut  cit,er  1’ effet  Zeemann,  1’ effet  Faraday  et  1’ effet  Fizeau* ,5  •*  •*. 

L’ explication  dytailiye  de  ces  diffyrentB  effets  sortirait  nettenent  du  cadre  de  cet 
exposy.  Disons,  s implement,  que  dans  les  deux  premiers  la  fryquence  de  battement  est 
proportionnelle  4  un  champ  megnytique.  Ces  deux  effets  ne  s'obtiennent  qu’au  prlx  d' une 
complication  notable  de  la  cavity  optique  et  la  stability  du  faux  zyro  est  celle  du  champ 
magnytique. 

L'  effet  Langmuir  qui  accompagne  tout  passage  d'un  courant  continu  dans  un  gaz  provoque 
un  effet  Fizeau.  Le  courant  yiectrique  existe  d4j4  le  plus  souvent  car  e'est  le  moyen  le 
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plus  commode  pour  produlre  le  plasma  amplificateur  du  laser.  II  est  done  tentant  d’ utiliser 
cet  effet  come  faux  zero.  Sa  stability,  qui  depend  du  courant  et  de  la  presslon,  est 
meilleure  que  10*u. 

Ces  proems  conviennent  parfaitement  pour  mesurer  des  vitesses  de  rotation  avec  pour 
seule  condition  que  la  some  alg^brique  de  la  vitesse  fictive  correspondant  au  faux  z£ro 
et  de  la  vitesse  4  mesurer  ne  soit  pas  inf^rieure  en  valeur  absolue  au  seuil  de  couplage. 
Cela  impose,  soit  de  ne  mesurer  que  des  vitesses  de  rotation  dans  un  seul  sens,  soit  que 
la  plus  grande  vitesse  de  rotation  4  mesurer  soit  inf^rieure  a  la  valeur  de  la  vitesse  de 
faux  zero.  Come  la  precision  du  faux  z^ro  est  d^finie  par  une  erreur  relative  et  que 
les  erreurs  dues  au  milieu  amplificateur  sont  aussi  pour  l’essentiel  des  erreurs  relatives, 
de  grandes  valeurs  de  ce  faux  z^ro  peuvent  conduire  a  une  erreur  absolue  prohibitive. 

On  peut  aussi  avec  ce  proc^d^  mesurer  des  angles  avec  une  bonne  precision  h  condition  que 
la  mesure  soit  faite  dans  un  temps  court.  Slnon.  1’ erreur  angulaire  etant  £gale  alors  au 
produit  de  1' erreur  de  vitesse  et  du  temps  de  mesure,  on  peut  aboutir  4  des  valeurs  impor- 
tantes  de  cette  erreur  pour  des  temps  de  mesure  importants.  C’  est  le  probl&me  des  mesures 
faites  par  integration. 

Le  second  proc^d^  consiste  4  obtenir  ce  faux  z4ro  u  partir  d’ une  vitesse  de  rotation 
mecanique  dont  1’ int^grale  est  cette  fois  directement  mesurable  puisque  c’ est  un  angle. 
Remarquons  tout  de  suite  que  dans  ce  cas.  si  1’ on  utilise  le  gyrom4tre  en  mesure  d’ angle, 
la  vitesse  de  rotation  mecanique  produisant  le  faux  zero  n’ a  pas  besoin  d’etre  constants 

Citons  tout  d’abord  le  proc^d4  mis  au  point  et  utilise  par  Honeywell  qui  consiste  k 
faire  vibrer  T  ensemble  de  la  structure  au  tour  d’  une  position  fixe.  Icl,  pas  de  probl&me 
de  mesure  du  faux  zero  puisque  1* angle  moyen  de  rotation  est  nul.  La  mesure  est  obtenue 
en  effectuant  la  soustraction  du  nombre  d’  impulsions  deiivre  par  le  gyrom&tre  au  cours  de 
sa  rotation  dans  un  sens  et  dans  1’ autre.  A  chaque  demi-p^riode,  le  gyrom£tre  passe  done 
dans  la  zone  de  couplage. 

II  existe  ensuite  deux  autres  proems,  1’  un  consistant  k  faire  tourner  le  gyrom&tre 
autour  de  son  axe  sensible  et  a  obtenir  la  mesure  en  effectuant  la  difference  entre  1’ angle 
mesure  par  le  gyrom£tre  et  1’ angle  d^crit  par  le  gyromitre  par  rapport  au  support.  Un 
proc^de  similaire  consiste  k  faire  tourner  une  lame  transparente  travers^e  par  les  rayons 
lumineux  du  gyromitre.  A  cause  de  1’ effet  Fizeau,  le  trajet  optique  parcouru  par  les 
deux  ondes  est  different. 

La  rotation  de  la  lame  est  equivalents  k  une  rotation  fictive  du  gyrom&tre,  et  11  existe 
un  rapport  blen  d4f ini  entre  les  deux  ne  dependant  que  des  dimensions  geometriques. 

Une  solution  intlressante  consiste  k  faire  tourner  rlellement  ou  fictlvement  le  gyro- 
metre  k  laser  k  vitesse  sensiblement  constante  par  rapport  4  un  referential  de  Galilee, 
c’est-4-dire  k  frequence  de  battement  constante.  II  suffit  d’asservir  la  vitesse  de 
rotation  du  gyromitre  par  rapport  4  son  support  de  fa9on  4  malntenlr  la  frequence  de 
battement  4  une  valeur  de  consigns. 

Cette  m4thode  a  l’avantage  de  resoudre  le  problAme  de  dynauique  de  mesure  pose  par 
1’ existence  de  la  zone  de  couplage,  le  support  peut  Itre  anime  d’ une  vitesse  absolument 
quelconque.  D* autre  part,  la  frequence  de  battement  est  fixee  4  une  valeur  suffisamment 
eiev4e  pour  se  situer  en  dehors  de  la  zone  de  non  llnearlte  et  de  fluctuations  dues  au 
couplage.  male  assez  basse  pour  que  les  variations  de  facteur  d’echelle  engendrde;  par 
les  variations  de  gain  ou  de  puissance  ne  produisent  qu' une  faible  erreur  absolue.  La 
frequence  choisie  serait  de  l'ordre  de  quelques  kilohertz. 

On  perd  dvidemment  l'avantage  du  syst4me  purement  statlque,  mais  11  faut  remarquer  que 
les  performances  requlses  de  1* asserv issement  de  vitesse  sont  tr4s  falbles,  etant  donnl 
qu' il  n'y  a  pas  d’ accelerations  angulalres  4  compenser  (done  peu  d' energie  4  depenser)  et 
qu' une  erreur  de  vitesse  de  20  ou  30%  n'aurait  pratlquement  pas  d’  influence  stir  la  preci¬ 
sion  du  gyrom4tre. 
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4.  DIVERSES  APPLICATIONS 

Suivant  le  type  d’ application  recherchfe,  le  gyromfetre  k  laser  pourra  fetre  rfealisfe  sous 
des  formes  et  utilise  dans  des  syst femes  relativement  diffferents. 

Dans  des  problfemes  tels  que  la  mesure  d' angle  dans  un  temps  bref,  le  chercheur  de  Nord. 
la  stabilisation  d’eugins,  dans  lesquels  la  notion  de  dferive  a  peu  d'  importance,  ou  bien 
il  est  inutile  d’ introduire  un  faux  zfero,  ou  bien  celui-ci  n’a  pas  besoin  de  stability  a 
long  terme.  On  pourra  utiliser,  par  exemple.  1’ effet  Pizeau  de  la  dfecharge. 

Dans  les  problfemes  de  conservateurs  de  cap  ou  de  navigation  par  inertie,  la  notion  de 
dferive  est  au  contraire  essentielle  et  1’ on  aura  recours  aux  moyens  citfes  plus  haut  pour 
avoir  un  faux  zfero  stable  et  corriger  les  derives  dues  au  laser  lui-mfeme. 


5.  APPLICATION  AC  CHERCHECR  DE  NORD 

Avant  de  conclure,  nous  dfecrirons  rapidement  une  application  particulifere  du  gyromfetre 
a  laser:  le  chercheur  de  Nord.  Le  probleme  est  bien  connu;  il  consiste  fe  determiner  la 
direction  de  l’axe  des  p61es  par  une  mesure  de  la  rotation  terrestre.  Les  proprifetfes  de 
linfearitfe  et  de  faible  temps  de  rfeponse  du  gyromfetre  a  laser  permettent  d’ adopter  une 
methode  dynamique  de  mesure  feliminant  1’ effet  de  la  dferive. 

On  fait  tourner  le  gyromfetre  a  laser  autour  de  son  axe  sensible.  Il  donne  alors  une 
frequence  de  battement  qui  varie  proportionnellement  au  produit  scalaire  n.H  ,  ou  n  ost 
le  vecteur  unitaire  portfe  par  la  normale  au  gyromfetre  a  laser  et  H  le  vecteur  rotation 
terrestre. 

Ce  signal  est  done  une  fonction  sinusoldale  de  1’ angle  de  rotation  imposfe. 

f  =  k  cos  (a  -  +>)  , 

avec  4>  1’ angle  corapris  entre  la  direction  repfere  et  la  direction  du  Nord. 

Si  on  effectue  en  temps  rfeel  le  calcul  d’un  point  de  la  fonction  de  correlation  du 
signal  obtenu  et  d' une  fonction  sinusoldale  de  1' angle  a  engendrfe  par  un  codeur  angulaire, 
on  obtient 

1  r*n7T  sin<£  $ 

C  =  -  k  cos  (a  -  b)  sin  a  da  -  k -  -  k  — 

2n77  Vo  2  2 

si  <t>  est  petit. 

Comme  on  connalt  k  on  peut  dfeduire  1’ angle  <t>  repferant  la  direction  du  Nord. 

Cette  mfethode  donne  un  rapport  signal/bruit  croissant  proportionnellement  au  temps  de 
mesure  et  permet  done  d’feliminer  assez  rapidement  les  erreurs  alfeatoires. 

On  peut  espferer  ainsi  obtenir  des  precisions  convenables  dans  des  temps  nettement  plus 
courts  que  ceux  nfecessalres  k  une  resure  faite  avec  un  gyro  mfecanique. 


6.  PERSPECTIVES 

On  peut  considferer  les  llmites  ultimas  des  performances  des  gyromfetres  laser  sous  deux 
aspects  dlffferents. 
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Les  limites  purenient  th^oriques  ne  dependent  que  de  la  largeur  de  raie  de  1’ oscillation 
laser.  Cette  largeur  est  teilement  faible,  qu’  elle  n’  a  pas  encore  pu  §tre  mesurde  et  son 
calcul  exact  n^cessiterait  une  th^orie  quantique  complete  du  laser  en  anneau.  La  th^orie 
quantique  actuelle  n’ est  que  partielle. 

Ndanmoins,  on  peut  situer  cette  limite  en  dessous  de  10'6  i  10"7°/h  (Ref.  10). 

En  fait,  les  limitations  pratiques  viendront  des  possibility  de  stabilisation  ou  de 
mesure  des  variations  non  reciproques  du  trajet  optique  dans  le  plasma  amplificateur.  II 
est  impossible  de  fixer  actuellement  des  limites  mais  on  peut  esp4rer  avoir  dans  un  proche 
avenir  10‘2  voire  10‘3°/h. 
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STATUS  AND  FUTURE  OF  FLUID  COMPONENTS 
D.L.  Wright  and  W.G.Wing 


1.  INTRODUCTION 
1. 1  General 

The  majority  of  inertial  instruments  produced  today  over  the  last  two  decades  have 
enployed  a  rigid  body,  either  spinning  or  otherwise,  as  their  sensitive  element.  However, 
nany  of  us  have  reflected  on  alternative  approaches  to  this  problea  and  to  the  problems 
involved  in  constructing  such  instruments.  A  nass  of  fluid  is  potentially  attractive  as 
a  gyroscopic  element  since  designs  can  be  envisaged  which  requite  no  mechanical  bearings 
for  the  support  of  the  spinning  element.  Furthermore,  precessional  torques  affecting  the 
direction  of  the  momentum  vector  can  be  sensed  hy  means  of  pressure  transducers  which  are 
non-critical  from  a  mechanical  design  point  of  view.  Acceleration-sensing  devices  can 
also  be  envisaged  using  both  spinning  fluids  and  pressure  or  capacitive  sensing  techniques. 

While  the  basic  concept  of  such  fluid  lnstriaaents  is  simple,  one  does  not  obtain  a 
usable  instrument  without  the  usual  long  drawn  out  battle  with  nature. 

The  increasing  interest  throughout  the  past  decade  in  fluid  sensors  of  a  gyroscopic  and 
acceleration  sensitive  nature  arose  initially  as  a  result  of  possible  applications  in  the 
stringent  high  g  environment  of  short  range,  high  acceleration  missiles.  Early  designs 
and  applications  of  such  fluid  components  are  describee  in  this  paper. 

Particular  examples  of  fluid  gyros  and  accelerometers  are  described  and  their  performance 
analysed. 

The  most  commonly  discussed  fluid  gyros  are  those  employing  the  angular  momentum  of  a 
spinning  body  of  fluid.  The  fluid  body  in  the  most  simple  configuration  is  cuntained 
within  a  spherical  cavity  internal  to  a  spinning  case.  The  basic  time  constant  of  such 
gyros  determines  whether  the  instrument  is  used  in  either  a  "rate”  or  "displacement”  mode. 

A  further  group  of  fluid  gyros  are  those  depending  on  the  direct  measurement  of  Coriolis 
acceleration.  In  these  instruments  the  input  angular  velocity  with  a  reference  to  inertial 
space  is  sensed  by  measuring  Corioiis  forces  constraining  a  fluid  mass  relative  to  the 
rotating  base  of  the  instrument.  It  is  possible  to  envisage  instruments  generating  either 
translaticnal  momentum  (oscillatory  or  otherwise)  or  rotational  momentum  to  sense  such 
forces. 

Various  types  of  fluid  accelerometers  have  been  designed,  using  the  fluid  itself  either 
as  the  sensitive  mass  or  as  the  sensitive  mass* supporting  medium. 

The  information  presented  here,  on  the  range  of  sensors  described,  has  been  collected 
from  various  sources,  including  the  Bendix  Research  Laboratories.  Aviation  Electric  Limited, 
the  National  Water  Lift  Company*,  the  Douglas  Aircraft  Company  Inc.  and  the  Eperry  Gyroscope 
Company,  together  with  information  available  from  various  patents  and  publications. 


A  division  of  the  Paeono  Dynamics  Corporation,  port  of  Natronlcs. 
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1.2  Vhy  Fluid  Instruments? 

The  auin  reason  in  the  past  for  considering  the  fluid  instrument  approach  has  really 
arisen  froa  environmental  considerations.  Extreae  conditions  of  shock,  vibration  and 
teoperature  have  been  typical  of  the  early  applications  which  were  conceived.  Extreaely 
low  g  and  g*  sensitivities  can  be  obtained  in  certain  fluid  gyroscopic  designs. 
Advantages  claiaed  for  such  devices  are  short  reaction  tines,  high  over  rating  capability 
during  gyro  run-up,  the  possibility  of  elialnating  teaperature  controls  and  reducing  cali¬ 
bration  requireaents.  Also,  long-tera  storage  capability,  radiation  resistance,  bearings 
external  to  the  sensitive  eleaents  elialnating  certain  aass  shift  effects,  high  reliability 
due  to  low  bearing  speeds  and  ability  to  effectively  lubricate  bearings  all  assist  in 
obtaining  a  highly  reliable  device. 

Acceleroaeters  using  fluid  as  the  sensitive  eleaent  have  also  been  developed  for  reasons 
siailar  to  the  above,  ruggedness  in  the  face  of  stringent  environaents.  The  sensing  systea 
can  be  Bade  non-pendulous  and  inherently  isoelastic,  resulting  in  very  low  g/g  cross¬ 
coupling  and  g/g2  errors 

1.3  Status  aad  App I test  lows 

The  developaent  and  performance  of  saae  of  these  fluid  s»  nsors  has  reached  the  stage 
where  applications  in  the  following  fields  nay  he  considered,  for  soae  of  the  following 
reasons 

Tactical  Missile  and  Aircraft  Guidance  -  High  accuracy  and  inherent  g-insensitive 
performance  combined  with  low  cost,  siaplicity.  maintainability  and  ruggedness. 

'Stabilisation  and  Control  -  Vide  dynaaic  range,  low  rate  threshold  and  good  dynamic 
response.  Redundancy  can  be  obtained  by  using  two-degree-of-freedoa  rate  devices. 

Special  Applications  -  High  g  designs  with  little  or  no  trade-off  in  accuracy  can  be 
achieved,  such  as  are  required  for  anti-aissile  aiaaile  applications.  Certain  devices 
have  been  developed  suitable  for  space  vehicle  stability  applications. 

Further  developaents  Into  the  performance  range  suitable  for  longer  ter*  applications 
are  now  envisaged. 


t.  TYPES  OF  FLUtO  tNSTtUVENTS 

Fluid  Sphere  Gyros  -  Using  the  angular  moaentun  of  a  spinning  sphere  of  fluid.  The 
spherical  cavity  containing  the  flu:d  it  sometimes  completely  filled,  in  some  designs  only 
partly  fllltd.  The  fluids  used  have  ranged  from  low  viscosity  fluorochemicals  to  mercury. 

Fluid  Tube  Gyms  -  Employing  a  spinning  closed  hollow  tube  filled  with  liquid.  Diaphragms 
across  the  hollow  tubt  restrict  the  flow  of  liquid  around  he  tube.  A  pressure  is  produced 
across  the  diapbrnpi  as  a  result  of  Coriolis  acceleration  of  liquid  in  the  lube.  The 
acceleration  is  similar  to  the  Coriolis  acceleration  acting  on  the  particles  of  a  con¬ 
ventional  gyro  sheel.  A  similar  device  can  be  envisaged  csing  a  rotating  annular  body  of 
mercury. 

For  ret  Bate  Sensors  -  In  such  devices  the  fluid  used  has  normally  been  In  the  gaseous 
state,  to  eblch  a  measure  of  the  angular  rate  of  the  instrument  housing  is  tr  so  sal  tied. 

The  change  in  tangential  velocity  imparted  to  the  gaseous  stream  causes  the  latter  to 
spiral  inwards  towards  axis  of  rotation.  The  change  in  tangential  velocity  is  amplified 
as  the  gas  moves  inwards  towards  the  rotation  axis,  due  to  the  conservation  of  angular 
aoaentia.  Various  techniques  have  been  proposed  to  sense  the  changei  in  redtnl  end 
tangential  flow  as  a  measure  of  the  applied  angular  rate.  A  synonymous  liquid  device  has 
been  proposed,  the  spiral  stream  of  fluid  driving  n  paddle  wheel  free  to  rotate  about  the 
Input  angular  rate  axis. 
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Vibration  Gas  Rate  Sensors  -  A  longitudinal  sonic  standing  wave  is  maintained  in  a 
cylindrical  cavity.  Rotation  about  an  axis  transverse  to  this  cavity  is  Measured  by 
pressure  sensors  sucb  as  aicropbones  placed  in  the  cavity  on  either  side  of  the  nodal 
point  of  velocity.  Such  instruments  are  another  example  of  Coriolis  acceleration  sensors. 

Free  Surface  Fluid  Accelerometers  -  Sense  the  changes  in  shape  of  the  free  fluid  surface 
interna]  to  a  spinning  container  partially  filled  aith  fluid.  A  three-axis  device  can  be 
constructed.  The  fluid  is  the  actual  test  mass. 

Accelerometer  with  Fluid  Suspension  -  Two-  and  three-axis  units  in  which  fluids  are  used  to 
dynamically  support  a  solid  test  mass  aith  reduced  or  near  zero  suspension  friction. 

These  and  various  other  approaches  to  the  problem  of  measuring  angular  rates  and  linear 
accelerations  are  described  in  more  detail  beloe.  The  possibility  of  combining  a  capability 
for  measuring  both  types  of  input,  accelerations  and  argular  rates,  aitbin  one  instrument 
is  mentioned. 


3.  GYROS 

3.  i  Fluid  Rotor  lawtrweets 

Since  the  early  I960' a  several  organisations,  mainly  in  the  USA  have  been  working  on 
such  instruments.  Advantages  claimed  for  them,  compared  aith  solid  rotor  devices  are  as 

folio**: 

Accurate  mass  balance,  since  a  uniform  body  of  fluid  has  its  point  of  support  or  centre 

of  pressure  at  its  certre  of  gravity. 

Inherent  isoelasticity  if  tbe  fluid  body  i*  b.<mogetieou» 

Absence  of  mass  shift  due  to  aear  or  bearing  movement 

Absence  of  magnetic  effects  and  torques  induced  hy  external  magnetic  fields. 

Absence  of  rotor  timbal  ling. 

Absence  of  coulomb  friction  effects 

Reduces  signal  and  power  transmission  problem  from  sensitive  element  cl.e.  absence  ->t 

slip  rings  on  drift -sensitive  axes'. 

The  requirement  for  tbe  fluid  to  be  homogeneous  introduce*  a  possible  problem  «n  such 
instruments,  that  of  the  appearance  of  thermal  gradients  across  ttu  body  of  the  fluid 
resulting  in  a  movement  of  its  centre  of  gravity.  If  this  effect  occurs,  mass  balance 
errors  are  produced 

T*o  possible  methods  of  driving  the  fluid  body  are  available.  Rotation  may  b»  imparted 
to  the  fluid  body  by  rotation  of  the  case  imountH  on  spin  bearings'  containing  the  fluid, 
by  means  of  an  external  motor.  Alternatively,  by  employing  a  conductive  fluid,  rotation 
may  be  imparted  by  eddy  current  coupling  »ilh  an  external,  rotating  magnetic  field.  In 
the  former  method  there  Is  no  dissipation  of  energy  in  tbe  fluid,  reducing  possible  thermal 
effects  at  the  expense  of  additional  moving  parts,  i.e.  spin  bearings.  In  the  latter 
method  of  imparting  rotation,  dissipation  of  energy  in  tbe  fluid  body  occur*  due  to  riscous 
shear  effects  between  tbe  stationary  case  and  moving  flu'd  This  can  result  in  theme! 
gradients  in  the  fluid  body,  however.  cm  the  credit  side  the  number  of  moving  parts  is 
reduced  by  ihe  absence  of  spin  bearings. 

Fluid  rotor  gyros  driven  via  case  motion  are  in  the  class  cf  instriaxents  utilising  the 
angular  momentum  of  a  spinning  fluid  mass  -  fluid  gyros  in  mhlch  a  rotation  *s  imparted 
to  the  fluid  by  an  external  rotating  magnetic  or  electrical  field  which  reacts  and  couples 
with  the  flutu  are  usually  in  the  class  of  tnstrumen.s  configured  to  measure  fbriolt* 
accelerat ions. 
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Combination  of  these  two  methods  of  imparting  rotation  can  be  envisaged  but  has  usually 
been  ruled  out  on  account  of  increased  complexity. 

3.2  Fluid  Sphere  Gyroscope 

3.2.1  General  Principles 

Such  an  instrument  is  illustrated  in  Figure  i  -  consisting  of  a  cavity  completely  filled 
with  fluid  of  low  viscosity  (1  centipoise  at  room  temperature).  In  fact,  a  fiuorochemical 
was  used.  The  spherical  cavity  is  rotated  on  bearings  by  the  external  motor  causing  the 
liquid  to  rotate  with  it  at  the  same  speed. 

In  the  absence  of  viscous  shear  forces  the  spinning  fluid  would  generate  an  angular 
momentum  vector  which,  once  established,  would  maintain  its  spatial  direction  for  small 
space  rotations  of  the  case.  However,  viscous  shear  forces  are  present,  since  relative 
motion  occurs  between  fluid  and  case  for  any  relative  angular  displacement  Detween  the 
spin  axis  of  the  fluid  and  the  case.  The  shear  forces  produced  result  in  a  torque  on  the 
fluid  body,  processing  it  into  alignment  with  the  spin  axis  of  the  case.  Relative  angular 
displacement  is  a  transient  effect,  decaying  exponentially  according  to  the  transfer 
function 


and  T  =  time  constant  (sec) 

R  =  radius  of  the  spherical  cavity  (cm) 

Q  =  spin  rate  (rad/sec) 
v  -  kinematic  viscosity  (stokes). 

The  device  may  thus  be  regarded  as  either  a  rate  gyro  with  a  delay  in  its  response  or 
as  a  displacement  gyro  for  high-frequency  inputs  and  a  rate  gyro  for  long-term  or  steady- 
state  inputs. 

The  liquid  rotor  acts  much  like  a  solid  ball  having  a  diameter  slightly  smaller  than 
that  of  the  cavity.  This  ball  is  separated  from  the  cavity  walls  by  a  thin  lubricating 
layer  of  the  liquid.  It  is  evident  that  to  make  use  of  the  gyroscopic  properties  of  this 
“free  rotor"  some  means  must  be  provided  to  sense  the  displacement  angle  between  the  spin 
axis  of  the  cavity  walls. 

Figure  1  indicates  ports  through  the  cavity  wall  at  points  about  45°  removed  from  the 
spin  axis  of  the  cavity.  It  will  be  seen  from  this  figure  that,  if  an  angle  exists  between 
the  two  spin  axes,  the  ports  are  at  unlike  radii  with  respect  to  the  spin  axis  of  the 
liquid  body,  and  for  this  reason  the  centrifugally  induced  pressures  at  the  two  ports  are 
unequal.  One  half-revolution  after  the  indicated  condition,  the  two  ports  will  have 
switched  positions  so  that  the  differential  pressure  will  have  reversed  sign.  An  alter¬ 
nating  pressure,  therefore,  exists  between  the  ports.  A  diaphragm  placed  in  the  connecting 
passage  and  arranged  as  a  deflecting  element  in  a  capacitance  bridge  will  sense  a  pressure 
varying  at  spin  frequency. 

The  output  of  the  gyroscope  is  an  a. c.  voltage  at  spin  frequency  and  has  a  phase  angle 
which  is  a  measure  of  the  direction  of  the  input  rate  in  the  plane  normal  to  the  spin  axis. 
For  this  reason  it  is  necessary,  for  proper  signal  interpretation,  to  demodulate  the 
signal,  using  a  reference  voltage  derived  from  an  alternator  coupled  to  the  spin  drive 
Bhaft.  This  alternator  is  built  into  the  gyroscope. 
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By  making  use  of  two  demodulators  and  two  quadrature  phases  of  the  reference  supplies, 
the  signal  can  be  broken  down  into  two  components  which  represent  rates  about  a  pair  of 
orthogonal  input  axes.  The  simple  electronic  necessary  are  shown  schematically  at 
Figure  2.  One  gyroscope  thus  does  the  work  ot  two  single-degree-of-freedom  gyroscopes. 

3.2.  2  Design  Parameters 

A  large  sphere  is  desirable,  since  both  the  time  constant  and  the  generated  pressure 
increase  as  sphere  size  increases.  In  one  such  instrument,  the  SYG  2550  developed  by  the 
Sperry  Gyroscope  Company,  a  1-inch  diameter  sphere  was  the  largest  that  could  be  used  with¬ 
out  sacrificing  other  important  gyro  element  designs  such  as  the  symmetrical  placement  of 
the  waistband  transducers. 

Spin-speed  selection  is  based  on  sensitivity,  noise,  and  stability.  The  optimum  speed 
for  this  gyro  is  relatively  low  as  compared  with  solid  rotor  gyros.  Although  the  generated 
pressure  is  proportional  to  the  square  of  spin  speed,  the  time  constant  decreases  with  the 
square  root  of  speed.  Also,  vibrations  are  more  pronounced  at  higher  speed,  and  temperature 
gradients  are  greater.  The  present  design  operates  at  6000  r.p.m. 

As  already  stated,  the  generated  pressure  results  from  a  displacement  between  the  fluid 

spin  axis  and  the  cavity  spin  axis.  For  a  step  input  of  case  displacement  about  an  axis 

normal  to  the  paper  (see  Figure  1),  the  generated  pressure  in  dynes/ cm 2  is  given  by 

P  =  pd2R2  sin  8  cos  8  sin  Cit  ,  (3) 

where  p  is  the  fluid  density  in  gm/cm3  and  8  is  the  angular  displacement  in  radians. 

For  small  values  of  8  , 

P  =  /oH2R28  sin  Ht .  (4) 

This  differential  pressure,  sensed  by  the  transducer,  goes  to  zero  when  the  displace¬ 
ment  angle  goes  to  zero.  Because  the  differential  pressure  is  alternating  it  is  detected 
easily,  and  a  static  shift  of  the  position  of  the  transducer  diaphragm  produces  no  output 
signal.  For  this  reason  there  is  no  hysteresis  error  or  time -dependent  bias  error  due  to 
the  transducers.  Also,  the  null  of  the  alternating  pressure  coincides  with  the  zero  dis¬ 
placement  between  the  spin  axes,  even  if  the  sensing  ports  are  at  unequal  angles  with 
respect  to  the  cavity  spin  axis, 

3.2.3  Environmental  Capability 

The  device  has  been  subjected  to  100  g  shocks,  sustained  linear  accelerations  to  40  g, 
sinusoidal  vibration  up  to  90  g  peak  and  acoustical  noise  to  136  dB.  The  g2  sensitivity 
was  found  to  be  0.03°/hr  g2  and  the  basic  transfer  function  of  Equation  (1)  was  verified 
under  constant  amplitude  angular  vibration  conditions  from  0. 1  c/s  to  200  c/s. 

The  diametrically  opposed  diaphragms  around  the  waistband  of  the  sphere  were  matched 
as  closely  as  possible  to  the  density  of  the  liquid;  hence  they  were  essentially  floated 
and  almost  insensitive  to  vibration.  Furthermore,  with  the  two  transducer  outputs  being 
in  phase,  opposition  under  vibration  additional  cancellation  is  achieved,  the  diaphragms 
bow  in  the  same  direction  for  axial  vibration  and  in  opposite  directions  under  the  effect 
of  the  desired  rate  input. 

3.2.4  4nisoelasticity 

The  theoretical  anisoelastic  coefficient  of  the  fluid  sphere  gyro  is  zero.  The  liquid 
used  is  compressible  and,  as  a  result,  its  centre  of  gravity  will  shift  under  the  influence 
of  acceleration.  However,  for  a  perfect  sphere,  this  shift  is  always  directly  along  the 
total  acceleration  vector.  Foi  an  ellipsoidal  cavity,  there  will  be  an  extremely  small 
drift  error  given  by 
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where 


6  =  drift  rate 

K  =  compressibility  coefficient 
p0  =  nominal  liquid  density 

ax  =  acceleration 

I0  =  moment  of  inertia  of  nominal  sphere 

x,y  =  principal  axes. 


The  term  p0fx y  dV  is  the  product  of  inertia  for  the  body  and  is  zero  for  all  axes  of 
a  sphere.  For  an  ellipsoid  it  is  zero  if  x  and  y  are  the  principal  axes,  but  not  for 
other  axes. 


For  an  ellipsoid  that  is  almost  spherical, 
to  the  principal  axes  is  approximated  by 


the  product  of  inertia  about  an  axis  at  45° 


xy' 


=  !  elf 


(6) 


where  e  is  the  eccentricity.  It  is  thus  found  that  the  drift  rate  from  this  source  for 
an  ellipsoidal  cavity  is  given  by 

6  ^  Kp0a2e/n  .  (7) 


If  Equation  (7)  is  evaluated  for  the  fluid  sphere’ s  operating  constants,  the  drift  rate 
is  3.7  x  10'2  deg/hr  g2,  so  that,  even  for  a  very  crude  cavity  (i.e.  e  <  0.01),  the  drift 
from  this  source  will  be  of  negligible  magnitude. 


3.2.5  Linear  Acceleration  and  Mass  Unbalance 

Mass  unbalance  of  the  fluid  sphere  gyro  is  inherently  low  but  is  affected  by  thermal 
gradients  along  the  spin  axis.  Experience  has  shown  that  a  gradient  less  than  0. 01°F/cm 
is  obtained  under  extreme  environments.  If  this  gradient  appeared  in  a  liquid  ball,  drift 
of  0.8°/hr  g  would  result. 

3.2.6  Performance 

Figure  3  shows  a  typical  performance  trace  for  the  Sperry  SYG  2550  gyro  showing  two 
axis  outputs  in  cardinal  orientations  and  under  sinusoidal  exposure  of  input  axes  to  earth 
rate.  The  trace  begins  at  the  bottom.  Recorder  zero  reading  is  measured  first.  Next  the 
gyro  is  oriented  with  spin  axis  vertical;  outputs  are  recorded  for  axis  1  North  and  South, 
then  for  axis  2  East  and  West.  The  gyro  bias  is  obtained  by  comparing  the  mid-point  of 
these  readings  to  recorder  zero  for  corresponding  axis.  The  gyro  is  next  oriented  with 
spin  axis  horizontal.  Outputs  are  recorded  for  axis  1  vertical  and  axis  2  East.  Accelera 
tion  sensitivity  is  obtained  by  comparing  these  readings  with  those  obtained  with  the  spin 
axis  vertical.  A  calibration  for  the  trace  is  shown  near  the  top.  The  gyro  spin  axis  is 
vertical  and  the  rate  table  is  driven  at  ft  deg/sec,  sinusoidally  exposing  the  gyro’ s  input 
axis  to  the  earth  rate’s  horizontal  component,  22.6  deg/hr  peak-to-peak.  The  swing  of 
gyro  output  shown  for  axis  2  is  13  divisions;  one  division  is  1.74  deg/hr.  Using  this 
calibration,  average  bias  and  g  sensitivity  for  the  two  axes  are  found  to  be  0.7  deg/hr 
and  1.0  deg/hr  g  .  The  rate  and  displacement  threshold  for  the  test  gyro  can  be  found 
from  the  trace.  Threshold  is  the  minimum  output  about  null  that  provides  the  expected 
output  using  nominal  scale  factor.  Within  limits  of  the  measuring  techniques  this  is  less 
than  0.05  sec  of  arc. 
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3.  2.  7  Reliabi  lity 

Prom  a  reliability  point  of  view,  a  fluid  sphere  has  several  advantages  over  a  typical 
floated  gyro  unit.  In  a  typical  system,  where  three  single-axis  floated  gyros  are  required, 
two  fluid  spheres  will  suffice,  like  any  two-axis  device.  In  the  floated  units,  the  maximum 
life  of  spin  bearings  is  limited  and  failures  are  increased  because  of  the  higher  rota¬ 
tional  speed  (12,000  to  24,000  r.p.m. ),  the  fact  that  smaller  bearings  are  required, 
theoretical  lubrication  requirements  (necessary  to  avoid  unbalance  of  the  float),  and  the 
higher  operating  temperature  of  the  bearings  as  compared  to  the  fluid  sphere. 

The  bearings  on  the  fluid  sphere  gyro  are  external  to  the  sensitive  element  and  there¬ 
fore  position  shifts  in  those  bearings  are  not  important.  The  bearings  can  be  large  and 
abundantly  lubricated;  furthermore,  the  optimum  spin  speed  is  low,  6000  r.p.m.  or  less, 
leading  to  lower  failure  rates  and  longer  life. 

In  the  fluid  sphere  gyro,  the  spin  motor  is  external  to  the  gyro  case,  and  no  delicate 
power  leads  (flex  leads)  are  required.  The  failure  rate  of  the  spin-motor  stators  should 
be  much  lower  than  in  floated  gyros  because  weight  and  size  are  not  critical;  the  motor 
is  relatively  large,  it  is  easily  cooled,  and  does  not  dissipate  heat  directly  in  the 
sensitive  element.  In  addition,  the  stators  use  wire  with  heavy  insulation  and  the  end 
turns  are  not  highly  compressed. 

Assembly  and  quality  control  limitations  in  floated  gyros  lead  to  such  problems  as 
fluid  contamination,  seal  leaks  and  bubbles,  cracked  jewels,  and  critical  machining  opera¬ 
tions.  In  ti  e  fluid  sphere  gyro,  seal  leaks  and  bubbles  are  of  some  concern,  but  critical 
machining  operations  and  complete  freedom  from  micro-contaminants  are  not  of  primary 
importance.  The  fluid  body  is  in  inherent  mass  balance,  regardless  of  the  actual  shape 
of  the  cavity,  and  contaminants  (heavier  than  the  fluid)  will  be  centrifuged  to  the  outer 
periphery  of  the  sphere,  which  is  not  the  primary  area  of  interest.  As  previously  men¬ 
tioned,  the  fluid  sphere  gyro  has  no  float  and,  consequently,  no  jewels  or  pivots.  This, 
from  a  reliability  point  of  view,  gives  further  emphasis  to  the  parts  count,  which  is 
favourably  low. 

The  effects  of  the  features  on  an  actual  reliability  assessment  are  shown  in  Table  II. 

The  mechanical  assembly  of  a  fluid  sphere  gyro  is  compared  to  that  of  a  representative 
floated  gyro  in  terms  of  parts  population  and  failure  rates.  For  a  platform  with  three 
sensing  axes,  the  reliability  figure  of  merit  using  two  fluid  sphere  units  is  more  than 
four  times  that  obtainable  with  three  conventional  single-axis  floated  gyros. 

The  approach  described  has  been  pursued  by  the  Sperry  Gyroscope  Company  and  actual 
hardware  has  been  produced.  The  performance  of  such  a  device  is  shown  in  Table  I  indica¬ 
ting  the  typical  characteristics  that  are  designed  for.  Development  work  along  these 
lines  has  also  been  carried  out  at  Autonetics  and  Martin-Orlando. 

3.3  Fully  Filled  Cavity  with  Float 

An  alternative  way  to  sense  the  angular  displacement  between  the  spin  axis  of  the  fluid 
and  the  container  is  to  place  a  low  density  rigid  float  in  the  fluid  body,  centred  by  the 
radial  pressure  gradients  and  forces  in  the  spinning  body.  Axial  restraint  has  to  be 
provided  by  some  other  means,  e.g.  electro-magnetically.  Electrical  pick-offs  can  be  used 
to  sense  angular  displacement  of  a  fluid  body.  Problems  arising  in  this  approach  are  that 
the  axial  position  of  the  float  must  be  precise,  since  the  float  represents  an  inhomo- 
geneity  in  the  fluid  and,  if  axially  displaced,  can  cause  mass  unbalance.  If  the  pick-off 
senses  displacement  between  the  float  and  a  non-rotating  member  and  the  container,  spin 
axis  can  be  a  source  of  error. 

A  device  of  this  kind  was  the  subject  of  a  patent  Issued  to  R.M. Smyth  of  Costa  Rica  in 
1928,  US  Patent  No.  1890831.  In  America,  the  Anna  Corporation  have  investigated  this 
approach. 
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3.4  Partly  Pilled  Fluid  Rotors 

Certain  devices  have  been  configured  In  which  the  angular  displacement  between  spin 
axis  and  case  is  sensed  by  leaving  a  void  in  the  centre  of  the  fluid  body.  When  spinning, 
the  void  in  the  fluid  approaches  a  cylindrical  shape  and,  in  the  absence  of  any  input  rate, 
the  spin  axis  of  the  fluid  and  the  container  are  coincident.  Under  the  effect  of  an  input 
rate  the  two  spin  axes  diverge;  the  divergence  can  be  sensed  by  a  capacity  pick-off. 

Problems  arise  with  this  type  of  instrument  under  axial  acceleration  conditions,  the  void 
becoming  parabolic,  leading  to  anisoelastic  drift.  Under  acceleration  normal  to  the  spin 
axis  the  void  becomes  eccentric  with  respect  to  this  axis  and  the  pick-off  could  mistake 
eccentricity  for  angular  displacement.  Work  was  carried  out  along  these  lines  in  the  late 
1950’ s  at  the  Sperry  Gyroscope  Company. 

An  alternative  approach  using  a  partly  filled  cavity  is  that  taken  by  the  Pneumo- 
Dynamics  Corporation,  part  of  Nortronics.  A  cavity  is  partly  filled  with  mercury  rotating 
at  a  high  velocity.  The  mercury  is  contained  in  a  spherical  cavity  supported  by  spin  axis 
bearings  and  is  driven  by  an  external  two-phase  synchronous  motor.  Piezo-electric  pick- 
offs  are  used  in  tendem,  situated  normal  to  the  spin  axis.  The  spin  axis  shaft  passes 
through  the  sphere;  small  paddles  jut  out  from  the  shaft  into  the  body  of  mercury  and 
there  are  piezo-electric  (ceramic)  elements  at  the  base  of  the  paddles.  Coupling  of  the 
angular  momentum  vector  with  the  input  rate  results  in  the  pick-offs  generating  a  sinu¬ 
soidal  error  signal  proportional  to  the  applied  input  rate.  When  the  spin  axis  of  the 
rotor  case  and  mercury  body  are  different  the  paddles  bend  minutely,  stressing  the  piezo¬ 
electric  devices,  thus  creating  the  output  signal  which  is  brought  out  on  slip  rings.  The 
phasing  of  the  sinusoidal  signal  relative  to  the  case  is  proportional  to  the  direction  of 
the  input;  Figure  4  shows  this  system  in  schematic  form. 

A  two-phase  reference  generator  mounted  on  the  spin  axis  permits  the  error  signal  to 
be  discriminated  and  resolved  into  rate  information  along  two  orthogonal  axes.  Advantages 
claimed  for  this  device  are  that  the  error  signal  being  self-generating,  does  not  require 
any  external  excitation,  resulting  in  a  low  sensing  threshold  in  the  absence  of  pick-off 
quadrature  and  noise  at  null.  Threshold  is  limited  by  the  spin  axis  bearings  because  of 
the  sensitivity  of  the  piezo-electric  crystal  pick-offs.  Devices  are  being  developed 
replacing  the  ball-bearing  suspension  versions,  which  have  now  reached  the  hardware  stage, 
by  a  gas-bearing  suspension  system. 

As  rate  sensors  these  devices  have  thresholds  of  0. 5°/hr  with  a  maximum  rate  of  500°/sec 
in  a  package  less  than  0.7  in.  in  diameter  and  1.9  in.  in  length.  The  company  is  con¬ 
sidering  applications  in  stability  augmentation  of  fire  control  equipment,  platforms, 
antennas  and  flight  control  systems.  Possibilities  are  being  examined  in  the  strap-down 
Inertial  field.  Operation  under  stringent  environmental  conditions  is  envisaged;  shock, 
vibration  and  mass  unbalance  are  not  thought  to  be  problems.  It  should  be  noted  that  g2 
drift  effects  have  to  be  carefully  considered  in  partly  filled  devices.  Theoretically  it 
is  possible  to  adjust  these  to  zero  by  means  of  an  exact  degree  of  partial  fill  o'  the 
cavity.  Typical  performance  characteristics  of  such  devices  have  been  published,  as  shown 
in  Table  I. 

A  second  approach  using  a  partly  filled  cavity  is  that  which  the  Universal  Match  Company 
were  working  on  in  the  early  I960’ s.  Here  again,  the  fluid  used  was  mercury.  When  this 
device  was  spun-up  the  mercury  formed  an  annular  ring,  inside  the  cavity,  about  the  spin 
axis.  Permanent  magnets  located  internal  to  the  cavity  provided  a  diametrical  flux  pattern 
across  the  ring  of  mercury,  which  acted  as  the  primary  of  a  transformer.  The  container 
or  case  of  the  device  acts  effectively  as  the  core  of  the  transformer  system  with  a  stator 
winding  positioned  about  the  spin  axis  as  shown  in  the  schematic  of  Figure  5. 

Any  relative  angular  displacement  or  motion  of  the  mercury  ring  relative  to  the  permanent 
magnets,  and  hence  to  the  container,  results  in  a  voltage  being  induced  in  the  mercury, 
the  primary  of  the  transformer  system,  and  hence  an  output  voltage  is  obtained  across  the 
secondary  winding.  The  case  of  such  a  device  could  be  made  of  some  soft  iron  material. 

Under  an  angular  rate  input  orthogonal  to  the  spin  axis,  the  field  and  voltage  Induced 
into  the  mercury  ring  is  oscillatory. 
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3  5  Vortr*  Gyros 

3.  5. 1  Central 

Vortex  gyros  are  one  of  a  family  of  angular  rate  sensors  which  are  currently  being 
considered  for  missile,  space  vehicle,  aircraft  and  torpedo  applications.  Complete  fluid 
control  and  flight  stabilisation  systems  can  be  envisaged  to  operate  in  environments  where 
temperatures  of  1000°P  are  likely  to  be  encountered.  The  schematic  shown  in  Figure  6  shows 
a  stream  of  fluid  injected  through  the  porous  case  of  a  vortex  chamber,  about  the  longi¬ 
tudinal  axis  of  which  is  applied  the  angular  rate  input  of  the  carrying  vehicle.  Due  to 
the  conservation  of  angular  momentum,  the  tangential  velocity  imparted  to  the  fluid  flow 
at  the  coupling  element  (porous  case)  is  amplified  as  it  spirals  inwards  towards  the  axial 
exit  hole  along  the  input  axis. 

The  angular  velocity  increases  as  the  radius  decreases,  v  irious  methods  of  sensing 
the  output  have  been  employed.  A  hot-wire  anemometer  system  could  be  employed  as  a  very 
sensitive  sensor  of  this  change  in  velocity.  As  an  alternative,  pitot  heads  could  be 
mounted  in  the  exit  orifice,  arranged  to  measure  the  tangential  velocity  of  the  exiting 
gas,  two  heads  being  employed  in  anti -phase  to  sense  whether  the  input  is  being  applied 
in  one  direction  or  another. 

Aviation  Electric  Limited  of  Canada  have  developed  a  device  of  this  type  generating 
differential  pressure  signals  proportional  to  the  angular  velocity  input.  Such  a  device 
has  no  moving  parts  and  may  be  operated  with  air  or  other  commonly  available  gases.  Good 
dynamic  characteristics  are  obtained  and  both  the  magnitude  and  direction  of  rotation  are 
sensed  by  means  of  a  push/pull  type  of  pick-off.  High  reliability  and  potential  low  cost 
are  claimed  as  advantages  for  these  devices  which  may  be  coupled  directly  into  a  fluidic 
amplifier  to  obtain  the  desired  output  signal  levels.  Table  I  shows  typical  operating 
characteristics  for  such  a  fluid  vortex  rate  sensor.  Thresholds  of  0.05°/sec  with  a 
dynamic  range  of  3000  can  be  achieved.  A  complete  fluid  state  flight  stabilisation  system 
has  been  a  subject  of  study  by  the  Bendix  Corporation  and  the  Flight  Dynamics  Laboratory 
of  the  Research  and  Technology  Division  of  the  US  Air  Force.  Figures  7  and  8  show  a 
schematic  of  the  flight  system,  together  with  the  digital  rate  sensor  employed.  The  system 
is  briefly  described  below. 

3.5.2  Fluid  State  Flight  Stabilisation  System 

The  need  for  a  dynamic  range  of  500: 1  in  rate  sensing,  necessitating  a  marked  improve¬ 
ment  in  a  signal-to-noise  ratio  for  pneumatic  fluid  rate  sensors  and  amplifiers,  prompted 
the  selection  of  a  digital  sensing  technique.  The  system  chosen  is  shown  in  block  diagram 
form  in  Figure  7. 

The  direct  use  of  the  rate  sensor  pulse  rate  Information  would  require  very  fast  com¬ 
putation  rates  and  was  therefore  abandoned  in  favour  of  a  time  unbalance  or  pulse  width 
modulation  approach.  The  modulator  keeps  the  information  stored  in  the  time  domain  while 
it  is  amplified  and  converts  it  finally  at  the  servo  input  amplifier  to  an  analogue  signal 
with  appropriate  filtering,  as  shown  in  Figure  7. 

Servo  feedback  of  elevon  position  employs  a  pneumatic  bridge  pick-off  technique  com¬ 
patible  with  the  fluid  state  summing  amplifier.  The  vehicle  rate  information  is  ted 
directly  to  the  latter  from  the  compensation  network.  The  vehicle  rate  signal  is  not 
amplified  by  any  analogue  devices,  in  order  to  avoid  degradation  of  the  signal-to-noise 
ratio.  The  rate  sensor  is  outlined  below,  further  details  of  this  system  may  be  obtained 
by  reference  to  the  paper  by  L.B.Tapllng  and  J.  F.Hall* 


Progress  of  the  IS  Air  Force,  Research  and  Technology  Division  -  FPL  Program.  Synthesis  nf  a 
Pure  Fluid  Flight  Control  System.  -  AIAA/I0N  Outdance  and  Control  Specialist  Conference, 
Minneapolis.  Minnesota,  IS- 18  August  1965. 
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3.5  3  Digital  \orte x  Rate  Sensor 

The  digital  vortex  rate  sensor,  shown  schematically  In  Figure  8.  has  an  output  which  is 

a  pulse  train,  the  period  of  which  is  proportional  to  the  rate  input. 

Operation  of  the  vortex  rate  sensor  can  be  divided  into  rate  coupling,  signal  amplifica¬ 
tion,  and  pulse  rate  conversion  functions.  The  rate  coupling  mechanisms  transmit  a  portion 
of  the  angular  velocity  of  the  transducer  housing  to  the  fluid  stream  by  means  of  a  porous 
coupling  element.  The  change  in  tangential  velocity  imparted  to  the  flow  at  the  coupling 
element  is  then  amplified  as  it  spirals  inward  towards  the  chamber  exit  hole,  due  to  the 
conservation  of  angular  momentum.  The  exiting  tangential  velocity  varies  the  angle  of 
the  conically- shaped  free  jet  leaving  the  vortex  chamber.  The  proportional  signal  at  the 
chamber  exit,  i.e.,  the  cone  angle,  is  converted  to  a  pulse  rate  modulated  signal  by  means 

of  a  specially  designed  pick-off.  The  pick-off  generates  a  pulse  train  by  charging  a 

volume  to  some  upper  threshold,  and  then  discharging  it  to  a  lower  threshold.  The  lower 
threshold  level  varies  with  cone  angle,  and  thus  rate  input,  and  specifies  the  duration  of 
the  pulse  period,  or  the  pulse  rate.  A  typical  output  train  illustrating  the  variation  in 
pulse  period  due  to  rate  input  is  shown  in  Figure  9. 

Typical  sinusoidal  performance  characteristics  of  a  digital  vortex  rate  sensor  operating 
on  nitrogen  gas  are  presented  in  Figure  10. 

To  convert  the  rate  sensor  pulse  output  into  a  pulse  width  modulated  or  time  unbalance 
signal,  the  rate  sensor  is  biased  by  a  tangential  control  jet  which  sets  up  a  given  biased 
or  centre  operating  pulse  rate.  If  this  bias  remains  fixed,  the  addition  of  inertial  rate 
will  either  increase  the  pulse  rate  or  decrease  it,  depending  on  the  direction  of  inertial 
movement.  The  time  unbalanced  rate  concept  requires  that  the  bias  should  fully  reverse 
its  direction  between  each  output  pulse.  For  Jhis  type  of  rate  sensor,  the  time  required 
to  fully  reverse  the  bias  should  be  less  than  10%  of  the  average  period  of  an  output  pulse. 
Consider,  for  example,  a  time  unbalanced  rate  sensor  to  be  operated  at  a  centre  frequency 
of  100  pulses  per  second.  Each  pulse  period  is  10  milliseconds.  Therefore,  the  time  to 
completely  reverse  the  bias  should  be  less  than  1.0  milliseconds.  The  bias  reverse  time 
is  related  to  the  rate  sensor  chamber  filling  time,  and  thus  the  chamber  volume.  A  model 
designed  for  rapid  bias  switching  is  shown  in  Figure  11.  In  this  configuration  rate 
coupling  and  rate  signal  amplification  are  sacrificed  to  minimise  the  time  to  reverse  the 
bias. 


3.  5.4  Time  Unbalance  Converter 

Given  a  pulsating  rate  sensor  whose  output  frequency  (and  interpulse  period)  is  a  func¬ 
tion  of  both  pneumatic  bias  and  inertial  rate,  a  pulse  network  form  is  required  which 
converts  the  rate  sensor  frequency  output  to  a  time-unbalance-modulated  pulse  train. 

In  the  basic  network  (Fig.  12(a)),  each  sensor  pulse  (ou'put  C)  switches  the  output  of 
a  complementing  flip-flop  (outputs  A  and  B).  The  flip-flop  outputs  are  fed  back  to  oppos¬ 
ing  control  Inputs  on  the  sensor  to  establish  the  sensor  bias  direction.  Since  the 
flip-flop  switches  at  each  sensor  pulse,  the  sensor  bias  direction  also  changes  after  each 
sensor  pulse.  Since  the  time  between  pulses  is  established  by  the  vector  sum  of  the  bias 
and  rate  Induced  angular  moments,  rate  alternately  adds  to  the  bias  for  one  pulse  period 
and  subtracts  for  the  next.  Only  the  direction  of  the  bias  is  alternated  (the  magnitude 
is  constant)  so  that  with  zero  rates  the  alternate  pulse  durations  are  equal.  The  output 
of  the  network  Is  the  tlme-unbalance-modulated  pulse  train  which  exists  at  the  flip-flop 
output  (outputs  A  and  B)  (Pig.  12(b)). 


4.  GYROS  -  CORIOLIS  ACCELERATION  SENSORS  AS  GYROSCOPIC  INSTRUMENTS 

Several  instruments  have  been  designed  and  tested  based  upon  the  direct  measurement  of 
Coriolis  acceleration  forces.  Most  of  the  fluidic  gyroscopic  instruments  with  non-rotating 
cases  are  dependent  upon  such  a  measurement. 
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4. 1  Rotating  Field  Instruments 

One  such  instrument  is  shown  in  Figure  13.  An  annulus  of  conductive  fluid,  such  as 
mercury,  is  spun  by  the  application  of  a  rotating  magnetic  field  applied  to  a  conventional 
polyphase  motor  stator.  Any  input  angular  rate  with  a  component  about  an  axis  orthogonal 
to  the  axis  of  spin  of  the  mercury  annulus  will  cause  a  pressure  difference  to  appear 
between  a  pair  of  ports  located  at  either  end  of  the  annulus.  This  pressure  difference 
arises  directly  as  a  result  of  Coriolis  acceleration  effects.  If  the  radius  of  the  loca¬ 
tion  of  the  pressure  sensing  ports  is  R  and  the  axial  length  of  the  annulus  of  mercury 
is  L  ,  the  pressure  generated  by  Coriolis  acceleration  is 

P  =  20RLPOJ  ,  (8) 

where  H  =  spin  rate  of  annulus 

p  -  fluid  density 

cd  =  input  angular  rate  orthogonal  to  spin  axis. 

Positioning  two  sets  of  pressure  sensing  ports  at  right  angles  allows  input  rates  about 
two  axes  to  be  sensed. 

While  such  a  gyro  is  attractive  from  its  over-all  simplicity  and  potential  life,  due  to 
the  absence  of  moving  parts,  power  input  requirements  limit  the  value  of  0  .  The  d.  c. 
output  pressure  is  also  difficult  to  sense  accurately  at  very  low  levels.  Thermal  problems 
may  also  be  met  in  such  a  design  if  there  is  a  large  power  input  to  the  mercury  or  any 
other  fluid  used. 

In  the  early  I960’ s  the  Speidel  Corporation  worked  along  similar  lines  to  the  example 
above.  Their  approach  was  to  effectively  sense  disturbance  in  the  flow  pattern  of  the 
fluid  hy  application  of  an  angular  rate  input.  Such  disturbances  ruased  the  eddy  currents 
generated  in  the  fluid  to  assume  an  asymmetrical  pattern,  shifting  the  magnetic  field 
pattern,  which  could  be  detected  via  pick-up  coils  located  on  the  stator.  The  output 
voltage  obtained  was  at  the  supply,  or  spin  excitation,  frequency. 

As  stated  in  the  Introduction,  an  oscillatory  angular  momentum  vector  can  be  used  in 
such  devices  if  the  spin  of  the  fluid  rotor  in  the  above  example  is  made  oscillatory 
rather  than  a  continuous  motion.  The  pressure  produced  by  Coriolis  forces  would  then 
alternate  at  the  oscillating  frequency  of  the  fluid.  While  making  pressure  sensing  easier, 
the  rjsultant  spin  momentum  vector,  or  oscillatory  momentum  vector,  is  found  to  be  lower, 
since  the  maximum  value  of  Q  which  can  be  obtained  practically  is  reduced.  Additional 
errors  can  occur  in  such  a  device  if  the  pressure  transucers  also  sense  some  part  of  the 
pressure  required  to  cause  the  oscillatory  flow  about  the  annulus.  Additional  compensation 
techniques  would  have  to  be  developed  to  overcome  this  problem. 

4.2  Fluid  tube  Rate  Gyroscope 

Such  a  device  senses  the  Coriolis  acceleration  forces  set  up  in  a  spinning  tube  of  fluid 
tqr  the  application  of  angular  rate  input  orthogonal  to  the  axis  of  spin.  Such  a  device, 
as  described  below,  has  been  produced  for  the  stringent  environaent  of  missile  applications 
and  has  been  found  to  withstand  vibration  and  shock  levels  up  to  several  hundred  g  . 

Figure  14  illustrates  the  fluid  tube  gyro  principle.  It  shows  a  closed  hollow  tube 
filled  with  a  liquid  and  a  diaphragm  across  a  section  of  the  tube  blocking  the  flow  of 
liquid  around  the  tube.  This  assembly  is  mounted  on  bearings  and  spun  by  an  external 
motor. 

For  any  input  rate  acting  on  this  device  there  will  be  a  pressure  AP  produced  across 
the  diaphragm.  Ibis  is  given  by 
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AP  -  2At  A  sin  (At  *  i)  , 


where  A 

P 

0 

GO 

4> 


area  enclosed  by  centre  line  of  tube 
density  of  liquid 
spin  velocity 
input  rate 

phase  angle  of  output  which  indicates  direction  in  space  of  rate. 


(9) 


The  pressure  is  the  result  of  Coriolis  acceleration  on  the  liquid  in  the  tube.  This 
acceleration  is  comparable  to  the  Coriolis  acceleration  which  acts  on  the  particles  of  a 
conventional  gyroscope  wheel.  The  pressure  is  sinusoidal  and  causes  an  oscillation  of 
the  diaphragm,  which  is  sensed  as  the  oscillation  of  a  microphone  diaphragm,  and  results 
in  an  a. c.  voltage  at  spin  frequency.  This  output  is  obtained  for  an  input  about  any  axis 
normal  to  the  spin  axis  and  the  angle  <p  is  a  direct  measure  of  the  space  direction  of 
the  input  rate.  Use  of  a  reference  generator  on  the  spin  axis  and  phase  sensitive  detect¬ 
ion  of  the  signal  provides  two  output  signals,  one  for  each  of  two  orthogonal  components 
of  the  input  rate.  This  device  is,  therefore,  a  two-degree-of- freedom  rate  gyroscope. 

The  cutaway  diagram  of  Figure  15  illustrates  the  fluid  tube  gyro.  Four  tubes,  90° 
apart,  are  shown  with  pressure  transducers  at  their  centres.  The  fifth  tube,  shown  through 
the  centre  of  the  device,  is  the  expansion  volume  for  the  liquid  when  the  assembly  is 
partially  filled.  Transfer  of  the  spinning  liquid  between  the  tubes  is  hy  circumferential 
flow  in  the  manifold  volumes  at  each  end  of  the  tubes.  This  construction,  rather  than  the 
basic  model  shown  in  Figure  14,  is  used  in  order  to  obtain  a  two-phase  signal,  phase 
rotation  information  and  the  cancellation  of  vibration  induced  errors.  For  a  very  high 
acceleration  environment,  the  gyro  may  be  completely  filled  with  fluid.  Expansion  bellows 
can  be  included. 


typical  electronics  for  processing  the  fluid  tube  gyro  signal  are  similar  to  those 
shown  in  Figure  2.  The  design  described  results  in  an  instrument  which  has  a  very  wide 
range  and  low  threshold.  The  Sperry  Gyroscope  Company  has  investigated  gyros  of  this 
type. 


4. 3  Fluid  Toroid  Gyro 

Another  form  of  fluid  rotor  gyro  is  shown  schematically  in  Figure  16.  This  device  was 
disclosed  in  US  Patent  2953935  issued  in  1960  to  T.Yeadon.  Fluid  is  pumped  around  a 
toroid  hy  uae  of  two  electro-magnetic  pumps.  The  application  of  an  angular  rate  input 
about  a  diameter  of  the  toroid  will  cause  precession  torque  about  a  diametei  orthogonal 
to  the  previous  one.  resulting  in  a  twisting  of  the  torsion  bare  on  which  the  whole  device 
is  suspended.  The  angle  of  twist  of  the  torsion  bars  is  a  measure  of  the  input  rate 
applied.  It  is  believed  that  the  Boeing  Corporation  investigated  this  device,  using 
electro-magnetic  pumps.  The  intention  of  the  design  is  again  to  improve  life  and  allom 
operation  in  high  temperature  environments.  It  will  be  noticed  that  this  device  is  a 
variation  on  the  conventional  rate  gyroscope  configuration. 

4.4  Vibratory  Sam  Gyro 

One  final  device  utilising  the  effect  of  Coriolis  acceleration  on  an  oscillatory  fluid 
body  is  that  disclosed  by  Oranquist  in  U8  Patent  2999359  in  1961.  This  is  shown  schemati¬ 
cally  in  Figure  IT.  A  straight  tube  contains  gat.  the  flow  of  which  is  caused  to  oscillate 
at  the  reaonaat  frequency  of  the  fluid  la  the  tube.  The  tube  acts  in  a  siailar  Banner  to 
an  organ  pipe.  The  acoustic  driver  could  be  a  loud  speaker  type  of  device  located  at  one 
end.  Other  fluids  could  be  used  and  this  device  could  be  regarded  as  beiog  analogous  in 
a  translator  Banner  to  the  oscillatory  momentum  version  of  the  mercury  annulus  device 
previously  described. 
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Rotation  about  the  axis  transverse  to  the  cavity  Is  sensed  by  pressure  transducers, 
such  as  Microphones,  placed  in  the  cavity  on  either  side  of  the  velocity  nodal  point. 
Alternatively,  the  pressure  difference  at  these  diametrically  opposed  points  car.  be  sensed 
by  a  signal  diaphragm,  as  shown  in  the  attache'1  schematic.  The  pressure  difference  Is 
given  by 


•here 


P1  -  P2  =  'P  -  2V^Da  . 


D  =  diwseter  of  cavity 

p  -  fluid  density 

V  =  instantaneous  velocity  of  oscillating  fluid 

a  -  input  rate  orthogonal  to  longitudinal  axis. 


(10) 


5.  FLUID  ACCELEROMETERS 


So  fai  jit  has  been  possible  to  ascertain,  very  few  fluid  accelerometers  have  yet 
reached  the  production  stage  or  have,  in  fact,  even  been  configured  in  the  form  of  labors* 
tory  hardware.  The  four  examples  discussed  below  fall  into  the  two  main  categories 
described  in  the  Introduction.  Those  instruments  in  which  th*  fluid  is  used  to  support 
the  test  mass,  and  those  instruments  in  which  the  fluid  itself  is  the  sensitive  element. 

In  general  the  former  devices,  those  in  rhich  the  fluid  is  used  as  the  sensitive  mass 
supporting  media,  appear  to  be  more  complex  in  design  and  construction  than  the  latter 
devices  described  above  and  their  gyroscopic  counterparts.  Advantages  which  are  claimed 
for  most  of  the  fluid  accelerometer  acceleration  sensing  devices  are  as  follows: 

Long  life  capability,  due  to  absence  of  sensitive  mechanical  support  elements. 

Multiple  axis  sensing  capability. 

Low  cross* coupling  and  inherent  isoelasticity  eiioinating  g/g*  type  of  errors. 


S  I  A  MorimmUl  Integral  lag  Accelerometer 

This  device  is  a  single-axis  sensing  instrument  which  eliminates  one  of  the  advantages 
claimed  above.  Figure  18  represents  the  essential  mechanical  elements  of  such  an 
accelerometer.  If  the  cylindrical  chamber  is  spinning  to  a  horizontal  attitude1  the  float, 
being  lighter  than  the  surrounding  fluid,  la  radially  centred.  Heart  the  fluid  is  centri* 
tuged  to  the  outer  diameter  and  the  float  it  brought  Into  alignment  with  the  spin  axis. 

The  float  thus  has  no  physical  contact  with  the  structural  elemnta.  being  supported 
entirely  by  the  viscous  fluid,  thereby  reducing  friction  ’cvela  to  a  very  low  or  near  zero 
ralue.  If  acceleration  is  imparted  along  the  spin  axis,  an  inertial  force  eyas!  to  the 
product  of  the  acceleration  multiplied  by  the  effective  mas*  of  the  float  will  act  on  the 
float.  Since  the  float  la  buoyant,  having  a  lower  density  than  (he  fluid.  Its  effective 
mama  Is  negative  and  hence  the  Inertial  force  tends  to  drive  it  la  the  direction  of  the 
acceleration  rather  than  causing  it  to  lag  with  respect  to  the  outer  case,  as  a  taMie* 
body  would  do. 

As  the  float  moves  It  will  be  retarded  by  the  fluid  resisting  any  displacement  doe  to 
Its  viscosity.  This  resistance  represents  a  velocity  damping  force  appearing  in  the  form 
of  a  pressure  difference  between  the  end  facee  of  the  float  and  viscous  shear  or  drag 
effects  along  the  cylindrical  surface:  it  only  exists  «hen  the  float  ta  In  motion  relative 
to  the  outer  case.  For  laminar  floe  both  the  retardation  effects  mentioned  ere  propor¬ 
tional  to  the  absolute  viscosity  of  the  fluid  and  to  the  flat  velocity  with  the  chamber. 

A  simple  equal  • on  can  be  written  to  describe  the  longitudinal  motion  of  the  flout  in 
response  to  a  Heady-state  axial  acceleration  by  equating  the  inertial  reaction  force  with 
the  viscous  resistance  force. 
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ma  =  KpcVp 

m  =  effective  mass  of  float  (i.e.  buoyancy) 
a  =  applied  acceleration  along  spin  axis 
k  =  constant  depending  upon  float  and  chamber  dimensions 
M  -  absolute  viscosity  of  fluid 
Vp  =  velocity  of  float  within  chamber  . 


Rearranging  terms: 


ma 

kM 


(11) 


(12) 


This  states  that  the  float  velocity  is  directly  proportional  to  the  applied  acceleration, 
provided  buoyance  and  viscosity  remain  constant. 


Notice  now  the  result  of  taking  ;he  time  Integral  of  each  side  of  this  equation  over 
some  definite  period,  from  zero  to  t  : 


dt 


(13) 


On  the  left  side,  the  integral  of  the  float  velocity  will  be  a  definite  displacement 
X  from  the  postulated  mid-point  starting  position,  while  on  the  right  the  integral  of 
acceleration  will  be  the  velocity  component  of  the  carrying  platform  parallel  to  the  spin 
axis,  so  that 


m 

float  displacement  X  =  — V  ,  (14) 

kM 


where  V  is  the  platform  velocity  component. 

Thus  the  displacement  of  the  float  along  the  spin  axis  from  its  neutral  position  is  a 
direct  measure  of  the  change  of  platform  velocity  in  the  same  direction.  The  constant  of 
proportionality,  m/'kM  ,  can  be  varied  over  many  orders  of  magnitude  by  selection  of 
chamber  and  float  dimensions,  float  buoyancy  and  fluid  viscosity.  It  is  thus  possible  to 
design  an  instrument  having  any  desired  relationship  between  float  displacement  and  plat¬ 
form  velocity,  according  to  the  expected  velocity  range  of  the  vehicle. 

From  the  above  it  will  be  seen  that  the  float  position  relative  to  its  null  with  respect 
to  the  outer  case  represents  platform  velocity.  Hence  the  float  will  only  be  in  motion 
during  a  period  of  acceleration,  a  component  of  which  is  along  the  spin  axis  of  the 
instrument.  It  will  otherwise  stay  fixed  in  its  displaced  position  as  long  as  the  vehicle 
velocity  remains  constant.  The  float  will  not  return  to  its  original  starting  point  until 
the  vehicle  ceases  to  have  motion  parallel  to  the  spin  axis  of  the  instrument.  The  instru¬ 
ment,  in  its  final  hardware  form,  utilises  a  variable  capacitance  pick-off  as  shown  in 
Figure  19,  The  structural  design  is  modified  so  that  the  float  is  annular  in  cross- 
section,  centred  about  a  central  pillar  or  rod  which  carries  one  of  the  pick-off  elements. 
The  float  is  made  of  conductive  material  (aluminium)  and  the  fluid  is  a  dielectric,  thereby 
allowing  capacitances  to  be  formed  between  the  cylindrical  surfaces  of  the  float  and  the 
fixed  case.  As  the  float  moves  axially,  two  of  the  capacitances,  CR  and  CL  ,  vary 
linearly  but  oppositely  with  float  displacement;  the  other  two,  CQ  and  CFB  ,  are  in 
variant  with  float  displacement  since  they  are  always  fully  covered.  The  pick-off  system 
is  excited  with  a  400  cycle  a. c.  voltage.  The  float  when  displaced  assumes  a  voltage, 
the  magnitude  of  which  is  porportional  to  the  displacement  and  the  phase  of  which  is  de¬ 
pendent  upon  the  direction  of  displacement  from  the  central  position.  Figure  19  shows 
the  introduction  of  a  feedback  loop  to  reduce  coercive  effects  on  the  float  arising  by 
combination  of  the  float  voltage  and  the  excitation  voltage.  The  magnitude  of  the  output 
voltage  is  given  by 
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=  E. 


<CK  ~  CL> 


'FB 


(15) 


Temperature  effects  have  to  be  considered  in  this  kind  of  device.  A  silicone  oil  was 
used  for  the  flotation  fluid  because  of  its  flat  curve  of  viscosity  versus  temperature. 

The  buoyancy  term  in  Equation  U3)  also  varies,  since  the  relative  densities  of  the  float 
and  fluid  change  with  temperature.  However,  both  terms  in  the  ratio  a/u  vary  in  the 
same  sense  with  temperature  changes.  It  is  thus  possible  to  specify  a  float  density  which 
will  result  in  a  rate  of  change  of  buoyancy  equal  to  the  rate  of  change  of  viscosity  at 
some  desired  operating  temperature.  Very  close  control  of  float  density  is  still  required, 
however,  to  achieve  compensation  near  the  desired  operating  temperature  and  a  heating 
element  is  also  fitted  to  the  instrument. 


Variations  in  gaps  between  the  float  and  the  chamber,  and  between  tie  float  and  central 
spool,  can  cause  problems.  Very  close  tolerances  on  run-out  of  the  float  have  to  be  main¬ 
tained.  posing  special  problems  in  dvnamic  balancing.  Tiny  distortions  in  gap  thickness 
caused  by  radial  float  displacement,  or  by  a  tapered  float  or  bore,  can  result  in  an 
intolerable  scale  factor  variation  for  the  instrument.  These  sources  of  error  are  removed 
by  means  of  by-pass  channels  for  the  fluid,  from  one  end  of  the  chamber  to  another.  This 
technique  also  helps  to  overcome  an’  ~reep  of  the  float  due  to  themr.l  gradients.  The 
general  principle  can  be  unders'jou  >  "y  easily  by  referring  to  Figure  20  and  imagining 
two  extreme  situations:  fir  *ly,  only  a  central  by-pass  tube  present  (outer  tubes  blocked) 
and,  secondly,  only  the  outer  channels  pre-ent  (the  centre  tube  being  a  solid  rod). 

In  the  first  case  all  trie  fluid  moving  to  the  left  through  the  central  bore  would  have 
to  return  through  the  float  chamber,  carrying  the  float  with  it  to  the  right.  In  the 
second  case  the  opposite  wouli  be  true,  the  flow  to  the  right  through  the  outer  tubes 
would  return  to  the  left  through  the  float  chamber,  moving  the  float  in  that  direction. 
Thus,  for  the  sane  co  ditions  of  thermal  gradient,  opposite  float  motions  could  be  induced. 
Evidently,  by  proper  distribution  of  the  flow  between  the  inner  and  outer  pathways,  an 
equilibrium  condition  of  zero  net  force  on  the  float  can  be  reached.  The  circulating 
fluid  flew  still  exists,  but  all  the  axial  forces  on  the  float  cancel  one  another,  so  that 
no  erroneous  motion  results. 


Such  a  device  was  constructed  in  the  late  1950’ s  by  the  Sperry  Gyroscope  Company.  The 
performance  of  this  device  is  shown  in  the  typical  parameters  given  in  Table  III. 


5.2  A  Three-Axis  Integrating  Accelerometer 

Sperry  have  also  configured  a  three-axis  integrating  accelerometer  in  which  a  single 
test  mass  is  utilised  to  sense  acceleration  components  along  three  orthogonal  axes.  The 
test  mass  la  a  3  inch  diameter  sphere  having  positive  buoyancy  in  a  fluid-filled  chamber 
within  a  inch  aluminium  cube.  Closely  surrounding  the  sphere,  but  not  touching  it  in 
normal  operation,  are  three  pairs  of  spherically  contoured  support  pads,  each  pair  being 
at  opposite  ends  of  a  spherical  diameter,  the  three  pairs  forming  an  orthogonal  set.  The 
instrument  is  shown  in  Figure  21. 

An  acceleration  component  along  any  of  the  three  principal  cube  axes  will  result  in  an 
ineriial  displacement  of  the  ball  towards  one  or  other  of  the  two  support  pad  faces  associ 
ated  with  the  axis  considered.  Ball  displacement  is  sensed  by  a  capacitive  pick-off  which 
detects  any  departure  of  the  sphere  from  its  mid-position,  and  transmits  a  signal  of 
appropriate  phase  and  magnitude  to  an  external  servo  loop  which  activates  a  screw-type 
hydraulic  pump.  The  pump,  also  housed  in  the  cube  (one  for  each  axis),  generates  a  fluid 
pressure  differential  between  the  pad  faces,  through  a  central  perforation  proportional 
to  the  rotational  speed  of  the  pump  shaft,  by  virtue  of  the  Newtonian  properties  of  the 
silicone  fluid  employed.  Since  the  pressure  is  also  just  sufficient  to  maintain  the  null 
position  of  the  sphere  against  the  acceleration-derived  displacement  force,  pump  r.p.m. 
is  exactly  proportional  to  the  acceleration  component  along  the  axis.  Therefore,  shaft 
angular  displacement  represents  the  time  integral  of  acceleration,  or  the  total  velocity 
along  the  axis. 
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Hydraulic  interaction  among  the  three  axes  is  avoided  by  making  the  actual  volumetric 
flow  through  the  support  pads  extremely  minute,  most  of  the  pump’ s  output  being  circulated 
through  isolated  by-pass  channels  external  to  the  ball  chamber.  These  by-pass  channels 
also  serve  the  purpose  of  making  the  total  hydraulic  impedance  of  each  circuit  almost 
independent  of  possible  variations  in  ball-to-pad  clearance,  such  as  might  be  caused  by  a 
slightly  imperfect  sphere.  This  sharply  reduces  the  sensitivity  of  scale  factor  to  such 
gap  variations,  and  the  small  error  which  still  could  exist  from  this  cause  is  almost 
totally  eliminated  by  special  compensating  grooves  in  the  pad  faces. 

Another  important  error  compensation  is  achieved  by  selection  of  float  and  fluid  charac¬ 
teristics  so  that,  in  the  vicinity  of  the  nominal  operating  temperature  of  the  unit.,  the 
percentage  change  of  fluid  viscosity  is  exactly  equal  to  the  percentage  change  in  float 
buoyancy  for  a  small  temperature  change.  Since  scale  factor  (pump  r.p.m.  per  unit  accel¬ 
eration)  is  proportional  to  the  quotient  of  buoyancy  divided  by  viscosity,  it  is  thus  made 
nearly  invariant  over  a  small  temperature  range.  The  actual  extent  of  the  variation  is 
0.0045%  per  (°F)2,  so  that  a  control  temperature  of  |  F,  which  is  reasonably  attainable, 
results  in  only  0.0005%  scale  variation. 

Positive  coupling,  between  the  pump  servo  motor  external  to  the  cube  and  the  pump  shaft 
itself,  is  accomplished  by  means  of  a  pair  of  concentric  cylindrical  magnets,  the  inner 
one  being  contained  within  the  hydraulic  fluid  and  attached  to  the  pump  rotor.  In  this 
way  no  shaft  extension  pierces  the  wall  of  the  accelerometer  and  no  rotating  seals  are 
required.  Thus  the  key  elements  of  the  unit  (test  mass,  support  pads,  fluid  and  restoring 
pumps)  are  protected  by  the  integrity  of  a  perfect  hermetic  enclosure,  while  the  drive 
motor,  read-out  device,  and  all  servo  electronics  are  externally  mounted  and  accessible 
for  maintenance.  Figure  22  shows  the  system  in  schematic  form. 

Read-out  is  provided  by  a  digitiser  geared  to  each  pump  shaft,  employing  no  slip  rings. 
The  digitiser  is  packaged  in  a  Size  8  synchro  case  and  produces  800  voltage  pulses  per 
pump  revolution.  A  logic  circuit  switches  this  pulse  train  to  a  plus  or  minus  output  wire, 
depending  upon  the  direction  of  rotation.  The  device  was  scaled  for  the  particular  applica¬ 
tion  such  that  each  pulse  represented  a  velocity  change  of  0. 1  ft/sec. 

The  principal  design  features  and  advantages  claimed  for  this  device  are  given  in 
Table  IV.  It  will  be  noticed  once  again  that  the  principal  advantages  claimed  for  this 
approach  are  those  of  operational  capability  in  rugged  environments,  leading  to  increased 
reliability. 

The  performance  of  this  device  is  shown  in  Table  II. 

5.3  Free-Surface  Accelerometer 

Such  a  device  employs  the  fluid  directly  as  the  sensitive  element  of  the  instrument. 
Figures  23  and  24  show  the  operation  and  layout  of  such  a  device  in  schematic  form. 

The  free-surface  accelerometer,  in  its  most  elementary  form,  consists  of  a  spinning 
container  partially  filled  with  a  dielectric  fluid.  In  a  zero-g  field  (Fig. 23(a)),  the 
centrifugal  forces  on  the  fluid  maintain  a  free  surface  which  is  cylindrical  in  shape, 
with  an  axis  which  coincides  with  the  spin  axis  of  the  container.  The  free  surface  of 
the  fluid,  however,  forms  a  section  of  a  paraboloid  (Fig. 23(b))  when  the  co:.-ainer  is 
accelerated  along  its  spin  axis.  The  free  surface  of  the  flu<d  is  al^o  translated  in  the 
direction  of  the  acceleration  vector  when  this  vector  is  normal  to  the  spin  axis 
(Fig. 23(c)). 

With  acceleration  in  the  direction  of  the  container  spin  axis,  the  Jntercep,  of  the 
paraboloid  and  any  plane  normal  to  the  spin  axis  is  a  circle.  Two  such  circlos  are  formed 
by  the  free  surface  and  the  end  plates  of  the  container,  and  the  difference  in  these  two 
circular  areas  is  directly  proportional  to  the  applied  acceleration.  The  difference  in 
the  areas  is  given  by 
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277La_ 
AA  =  - 

or 


(16) 


where 


AA  = 

ft2  = 
L  = 


difference  in  end  circle  areas 
acceleration  in  z  (spin  axis)  direction 
length  of  fluid  body 
spin  rate. 


When  the  components  of  acceleration  in  the  plane  normal  to  the  spin  axis  of  the  con¬ 
tainer  are  ax  and  ay  (x ,  y  and  z  forming  an  inertial  coordinate  system),  the 
components  of  displacement  of  the  axis  of  the  free  surface  relative  to  the  spin  axis  of 
the  contain-  r  arc,  respectively  cx  and  t  .  these  displacements,  or  eccentricities, 
are  directly  proportional  to  the  applied  acceleration  and  are  given  by 


av 
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Jn  the  presence  of  applied  acceleration  simultaneously  occurring  along  and  normal  to  the 
spin  axis,  the  resultant  fluid  motions  are  superimposed;  there  is  no  cross-coupling. 

Pick-off  for  Acceleration  Along  Spin  Axis 

By  using  a  dielectric  fluid,  a  capacitive  bridge  pick-off  is  devised  to  measure  the 
area  change  of  the  end  plate  circles.  This  provides  the  output  proportional  to  the  accel¬ 
eration  component  acting  along  the  spin  axis. 

Pick-off  for  Acceleration  Normal  to  Spin  Axis 

To  detect  the  translation  of  the  free  surface  in  response  to  acceleration  normal  to  the 
spin  axis,  a  capacitive  pick-off,  consisting  of  two  split  discs  and  one  spool,  is  employed. 
The  discs  are  split  into  two  halves  along  a  diameter,  and  are  placed  at  each  end  of  the 
container.  The  spool,  or  element,  is  placed  at  the  centre  of  the  container.  Each  half 
of  the  split  disc  is  excited  from  the  secondary  of  a  centre-tapped  transformer. 

Depending  on  the  instantaneous  value  of  the  eccentricity,  the  amount  of  fluid  encom¬ 
passed  between  each  split  plate  and  the  output  disc  is  unequal.  Thus  the  output  disc  is 
caused  to  assume  a  voltage  whose  magnitude  and  phase  is  proportional  to  the  magnitude  *nd 
direction  of  the  eccentricity. 

For  a  constant  input  acceleration,  normal  to  the  spin  axis,  the  free  surface  will  be 
displaced  from  the  spin  centre,  and  will  remain  constantly  displaced  in  the  direction  of 
the  steadily  applied  acceleration.  Therefore,  with  respect  to  the  rotating  split-plates, 
the  encompassed  fluid  seen  by  the  individual  plates  will  vary  harmonically  once  per  re¬ 
volution  of  the  drive  motor.  The  output  of  the  pick-off  is  thus  an  a.  c.  voltage  at  the 
spin  frequency. 

Use  of  a  suitable  reference  generator  on  the  drive  shaft,  in  combination  with  the  phase- 
sensitive  detection,  provides  two  output  signals,  each  proportional  to  a  cross-axis 
acceleration. 


Advantages  claimed  for  the  device  Just  described  are  absence  of  pendulosity,  l.e.  the 
sensitive  mass  is  non-pendulous,  and  complete  isoelasticity.  The  optimum  spin  speed  of 
the  container  is  found  to  be  quite  low,  which  leads  to  higher  reliability  and  long  bearing 
life;  the  latter  bearings  are  also  external  to  the  sensitive  elements  and  hence  can  be 
quite  large  and  well  lubricated,  again  leading  to  long  life  and  allowing  their  selection 
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for  high  acceleration  environment.  In  the  diagram  of  Figure  24  it  will  be  noticed  that 
inductive  slip  rings  (air-gap  rotary  transformers)  are  employed,  eliminating  metal-to-metal 
contact  slip  ring  and  brushes,  thereby  again  extending  reliability.  Such  an  instrument 
could  have  been  built  in  the  same  container  as  the  fluid  sphere  gyro  described  earlier, 
and  the  container  spin  rate  imparted  by  the  same  motor  to  give  a  compact  gyro  accelerometer 
package:  the  gyro  shaft  reference  generator  could  also  have  been  used  as  a  common  element 
in  discriminating  the  cross-axis  acceleration  components. 

The  main  performance  and  design  characteristics  of  the  free  surface  accelerometer 
devices  are  shown  in  Table  III.  Figure  25  shows  the  signal -processing  arrangement 
required. 

From  the  practical  point  of  view  a  low  viscosity  dielectric  fluid  is  used  and  large 
gap  spacings,  outside  the  pick-off  region,  in  order  to  reduce  phase  offset  in  the  direction 
of  spin  due  to  viscous  shear.  The  latter  is  caused  by  relative  velocity  between  the  fluid 
void  boundary  and  walls  of  the  container.  This  latter  problem  can  be  determined  and,  being 
stable,  can  be  compensated  for  over  a  wide  temperature  range. 

The  hydraulic  scale  factor  of  the  instrument  is  conceptually  independent  of  temperature. 
However,  in  combination  with  the  capacitive  pick-off,  the  three  axis  voltage  outputs  are 
subject  to  certain  temperature-dependent  error  sources.  Specifically,  these  errors  are 
caused  by  axial  dimension  changes  in  the  pick-off,  coupled  with  change  of  fluid  dielectric 
constant  as  a  function  of  temperature. 

For  the  geometry  of  the  three-axis  prototype,  the  dimensional  and  dielectric  constant 
changes  each  lead  to  scale  factor  changes  of  approximately  0.08%  per  °F.  Fortunately,  the 
internal  feedback  arrangement  of  Figure  26,  in  combination  with  certain  passive  networks, 
makes  it  possible  to  trade-off  one  scale  value  change  versus  the  other,  leading  to  tempera¬ 
ture  error  reduced  by  a  factor  of  approximately  10  to  1. 

Thus  residual  scale  value  versus  temperature  errors  will  be  less  than  0.008%  per  °F  and, 
for  an  anticipated  control  excursion  of  t  20°F,  will  contribute  peak  scale  factor  errors 
of  less  than  ±  0. 16%. 

Such  a  device  has  been  built  and  tested  by  the  Sperry  Gyroscope  Company. 


6.  COMBINED  ANGULAR  RATE  AND  ACCELERATION  SENSING  INSTRUMENTS 

Combined  instruments  can  be  envisaged;  however,  few  have  reached  the  hardware  stage. 

One  approach  which  has  been  considered  is  the  combination  of  a  fluid  tube  gyro  along 
the  lines  already  described,  with  a  free-surface  fluid  accelerometer.  Examination  of 
Figure  15  shows  that  the  central  chamber  of  the  fluid  tube  gyro,  if  partly  filled,  would 
act  as  a  free-surface  accelerometer.  Such  a  device  has  been  considered  by  Sperry.  Problems 
involved  are  that  of  signal  sensing  and  extraction  of  the  data  from  the  sensitive  element, 
without  paying  the  penalty  of  excessive  design  and  manufacturing  complications. 
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which  are  likely  to  be  claimed  in  the  future,  as  the  performance  of  these  instruments 
approaches  that  of  current  solid  rotor  and  conventional  acceleration  sensors,  are  those 
of  low  cost,  high  reliability,  long  life,  together  with  freedom  from  g- sensitive  error 
effects. 

If  mention  of  other  organisations  who  are  active  in  this  field  has  been  omitted,  the 
authors  wish  to  apologise  and  would  welcome  their  additional  contribution. 
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TABLE  IV 

Principal  Design  Features  of  the  Three-Axis  Integrating  Accelerometer 


Feature  Advantages 

Three  axes  embodied  in  a  Precision  of  orthogonality  attained  by  basic  design 

single  compact  assembly  and  manufacture;  not  a  function  of  installation 

variables 

Small  size  and  weight 

Lower  cost  than  three  single-axis  units 

Extreme  rigidity  of  small  cube  guarantees  no 
deformations  or  relative  axis  misalignment  under 
high  g  stresses 

Null-type  pick-off  Pick-off  linearity  not  significant 

Integration  included  in  pump  No  separate  integrator  package  required 
restoration  function 

Linearity  derived  from  viscous  Newtonian  characteristics  of  flotation  fluid  result 
shear  integration  in  inherently  linear  performance 

Teat  mass  heavily  damped  Excellent  vibration  and  shock  resistance 

Non-pendulous,  non-mechanical  Extremely  low  threshold  sensitivity 

teat  mass  support  ult  bl„ 

No  cross -coup ling  (g*)  error 

No  mechanical  supporting  elements  to  introduce 
spurious  forces,  coercion,  etc 

No  fragile  suspensions  subject  to  shock  or  vibration 

damage 

Output  in  form  of  mechanical  flexibility  in  choice  of  read-out  elements  (analogue 
shaft  rotation  digital) 

Lightly  loaded,  alow  speed  Negligible  wear  in  thousands  of  hours  of  operation; 

bearings  sad  gears  extremely  long  life  capability 

No  metal -to- metal  rubbing  No  performance  deterioration  due  to  wear;  minimum 

contact  in  screw  pump  assembly  self-heating  of  pump 

Large  percentage  of  aluminium  Excellent  heat  distribution  within  instrument, 
cube  structure  remains  after  mialalsiag  thermal  gradients 

MCilialBK  High  structural  rigidity;  no  sipitficant  g 

deflections 

Pew  parts,  rugged  construction  Onvaratively  staple  to  aaamfaetmre  and  assemble 


Fluid  sphere.  Signal  processing 
<  -  input  angular  rate  (-  d^/dt  -  b/r) 
~l  -  spin  angular  rate 


q  -  carrier  angular  frequency 
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Digital  rate  sensor  performance 


Pig. 11  Reversing  bias  rate  sensor 
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Pig.  12  Baa.c  rot*  sensor-signal  processing  sub-syst 


Pig. 17  Vibratory  fluid  column  gyro  is  related  to  version  of  gyro  in  which  mercury  in 
annulus  is  caused  to  change  spin  direction  at  frequency  H 
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Pig. 18  Horisoatal  integrating  accelerometer 


Figure  30 
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Fig. 22  One  axis  of  a  three- axis  accelerometer,  schematic  diagram 
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CYLINDRICAL  FREE  SURFACE 


FIGURE  A  ZERO  ACCELERATION 


FIGURE  B  ACCELERATION  TO  THE  RIGHT  ALONG  SPIN  AXIS 


CYLINDRICAL  FREE  SURFACE 


FIGURE  C  ACCELERATION  UPWARD,  NORMAL  TO  SPIN  AXIS 


Figure  23 
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Figure 


